Department of Energy
Germantown, MD 20874-1290

March 13, 1998

Senator Ismael John

Enewetak/Ujelang Atoll Locai
Government Council

Box 1199

Republic of the Marshall Islands

Majuro. Marshall Islands 96960

Dear Senator John:

This letter 1s provided in followup to our joint Department of Energy (DOE) Enewetak/Ujelang
Atoll Local Government Council meeting in Las Vegas, Nevada, on February 2, 1998. We are
pleased to have had the opportunity to discuss with you, Mayor Neptali Peter. and the
Enewetak/Ujelang Atoll Locai Government Council Members. the results to date of DOE
environmental monitoring at Enewetak Atoll.

The main public health goal of DOE’s environmental monitoring program is to assist the
Enewetak people in making informed resettlement decisions based on the best environmental
characterization and dose assessment data available. To accomplish this goal. we have
conducted extensive monitoring of numerous Enewetak Atoll islands, evaluated all possible
exposure pathways, developed associated dose assessments, and funded research to develop
mitigation strategies to minimize radiation exposure to people living on the islands and eating
locally grown produce.

The Lawrence Livermore National Laboratory (LLNL), on behalf of DOE. has conducted
environmental monitoring activities in the Marshall Islands for more than 20 vears. The
enclosures to this letter descnbe the results of these activities at Enewetak Atoll and demonstrate
the high quality of LLNLs technical expertise and abilities. LLNL has used the best
environmental laboratories worldwide to provide quality assurance and peer review for the
program. DOE is confident that the LLNL data and assessments are of the highest quality.

The two enclosed peer-reviewed articies from the July 1997 issue of Health Physics (enclosures
| and 2) provide a thorough analysis o1 radiation exposures from terrestrial. water, and marine
sources on the Enewetak Atoll.
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The environmental data collected at Enewetak Atoll by the DOE monitoring program to date, as
presented in these articles, coupled with use of the latest dose models and internationally
accepted intervention strategies, provide a sound basis upon which the Enewetak people and the
Enewetak/Ujelang Atoll Local Government Council can make resettlement decisions regarding
any island in the Enewetak Atoll chain. As Dr. William Robison of LLNL made clear at the
Las Vegas meeting, resettlement of currently uninhabited 1siands in Enewetak Atoll requires the
implementation of the following mitigation strategies:

o application of potassium fertilizer (KCl) in coconut groves and agricultural areas to reduce the
uptake of cesium-137 (**’Cs) by foods and plants: and

o soil removal in housing and village areas.

Combining these measures offers both practical and feasible means to reduce radiation doses to a
minimum. These mitigation measures have already been shown to be effective in reducing doses
on Eneu Island on Bikini Atoll and should be equaily effective in the future for people who
choose to resettle on any island in the Enewetak Atoll chain.

If these mitigation strategies are implemented, the average total annual effective radiation dose
per person from all sources is estimated to be about 2.53 mullisieverts (mSv) or 253 millirem
(mrem) of which 0.13 mSv (13 mrem) comes from "*’Cs in the food and soil. This total radiation
dose compares favorably to the U.S. annual average background dose of 3.0 mSv (300 mrem)
and to the background doses in other parts of the world (enclosure 3). For perspective, the
annual exposure that someone who resettles in Enjebi is expected to receive from *’Cs in the
food and sotl (13 mrem) is comparable to the radiation dose an individual receives during a
round trip airplane flight between Majuro and Los Angeles (enclosure 4).

For the radioactive waste disposal site on Runit Island, no differences in the concentrations of
cesium and plutonium in groundwater (well water), lagoon water, and fish, before and after
cleanup, have been observed. Resuspension studies on the northern part of Runit Island found a
concentration of about 400 attocurie (aCi) per cubic meter (m’) plutonium in the air. This
concentration is well below the draft screening level of 2.000 aCi/m’, a level below which no
further radiological mitigation action has been proposed' .

'Environmental Protection Agency, "Transuranium Elements. Volume 2. Technical Basis for Remed:al
Actions.” EPA 320/1-015. June 1990. This document 1s available to the public from the National Center for
Environmental Publications and Information without charge by calling 1-800-490-9198 and asking for Order Number
EPAS520190016.



These data will, we hope, be useful to the Enewetak people as they make decisions regarding
resettlement to any of the currently uninhabited islands in Enewetak Atoll. The DOE, in
conjunction with its National Laboratories, is prepared to continue its environmental monitoring
program, both during and after the resettlement process, in order to establish that actual exposure
levels are consistent with our current estimates.

Sincerely,

; /:)/') B p
/[0 L
Paul J. Seligman. M.D.. M.P.H.
Deputy Assistant Secretary

for Health Studies
4 Enclosures

cc wienclosures:

The Honorable Joan Plaisted, U.S. Ambassador
to the Marshall Islands

The Honorable Phillip Muller, Minister of Foreign
Affairs, RMI

Davor Pevec, Counsel to the Enewetak/Ujelang
Local Government Council

Mayor Neptali Peter, Enewetak/Ujelang Atoll
Government Office

Suzanne Butcher, Department of State

Alan Stayman, Department of the Interior
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THE NORTHERN MARSHALL ISLANDS RADIOLOGICAL
SURVEY: DATA AND DOSE ASSESSMENTS

W. L. Robison.* V. E. Noshkin.* C. L. Conrado.* R. J. Eagle.” J. L. Brunk.*
T. A. Jokela.* M. E. Mount:* W. A, Phillips.i‘A. C. Stoker.* M. L. Stuart.* and
K. M. Wong"

Abstraci—Fallout from atmospheric nuclear tests, especially
from those conducted at the Pacific Proving Grounds between
1946 and 1958. contaminated areas of the Northern Marshall
Islands. A radiological survey at some Northern Marshall
Islands was conducted from September through November
1978 to evaioate the extent of residual radioactive contamina-
tion. The atolls included in the Northern Marshall Islands
Radiologicai Survevy (NMIRS) were Likiep, Ailuk, Utirik,
Wotho, Ujetang, Taka. Rongelap. Rongerik, Bikar, Ailinginae,
and Mejit and Jemo Islands. The original test sites, Bikini and
Enewetak Atolls. were also visited on the survey. An aerial
survey was conducted to determine the external gamma expo-
sure rate. Terrestrial (soil, food crops, animals, and native
vegetation). cistern and well water samples. and marine (sed-
iment, seawater, fish and clams) samples were collected to
evaluate radionuclide concentrations in the atoll environment.
Samples were processed and analyzed for ¥’Cs, *°Sr,
29+240p,; and >*'Am. The dose from the ingestion pathway
was calculated using the radionuclide concentration data and a
diet model for local food. marine, and water consumption. The
ingestion pathway contributes 70% to 90% of the estimated
dose. Approximately 95% of the dose is from '3’Cs. *Sr is the
second most significant radionuclide via ingestion. External
gamma exposure from '*’Cs accounts for about 10% to 30%
of the dose. ~**%**Pu and **'Am are the major contributors to
dose via the inhalation pathway; however, inhalation accounts
for only about 1 % of the total estimated dose, based on surface
soil levels and resuspension studies. All doses are computed for
concentrations decay corrected to 1996. The maximum annual
effective dose from manmade radionuclides at these atolls
ranges from .02 mSv vy~ ' to 2.1 mSv y~'. The background dose
in the Marshall Islands is estimated to be 2.4 mSv y~'. The
combined dose from both background and bomb related
radionuclides ranges from slightly over 2.4 mSv y~! to 4.5 mSv
y~'. The 50-v integral dose ranges from 0.5 to 65 mSv.
Health Phys. 73(1):37—18; 1997
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INTRODUCTION

A RaDIOLOGICAL survey was conducted from September
through November of 1978 in the Northern Marshall
Islands prior to the dissolution of the U.S. Trust Terri-
torv. The purpose of the survey was to assess the
concentrations of persistent manmade radionuclides in
the terrestrial and marine environments at 11 atoils and 2
islands. The atolls of the Marshall Islands are shown in
Fig. 1. The atolls included in the NMIRS were Likiep.
Ailuk. Utink. Wotho. Ujelang. Taka, Rongelap,
Rongerik. Bikar. Ailinginae. Bikini. and Mejit and Jemo
Islands. A brief stop was aiso made at Enewetak Atoll.
Two of the atolls. Bikini and Enewetak, were the sites of
66 nuclear tests (Simon and Robison 1997).

A reasonable amount of data existed in 1978 for
Enewetak Atoll (U.S. AEC 1973). However. little radio-
logical information was available for most islands at
Bikini Atoll or for other atolls that were considered most
likely to have received fallout from nuclear tests con-
ducted at the Pacific Proving Grounds between 1946 and
1958. The BRAVO test on | March 1954 produced the
largest yield (15 MT) of the enure test series in the
Pacific. The fallout from BRAVO was the primary
contaminating event of Bikini and Eneu Islands at Bikini
Atoll and the atolls to the east of Bikini. The general
fallout pattern of the BRAVO test is shown in Fig. 1.

The NMIRS was essentially designed as a screening
survey, which would be used to determine whether or not
further detailed sampling effort might be required at any
of the atolls. The survey included an aerial radiological
reconnaissance to map the external gamma-ray exposure
rates over the islands of each atoll. The logistical support
for the entire survey was designed to accommodate this
operation.

Shore parues collected appropriate terrestrial and
manne samples to assess the radiological dose from
pertinent food chains to individuals residing on some of
the atolls. tuture residents of uninhabited atolls. or for
those who visit and collect food from these atolls. Soils.
vegetation, indigenous animals. cistern water. and
groundwater were collected from the islands. Reef and
pelagic fish. clams. lagoon water. and sediments were
obtained from the lagoons.
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Northern Marshall Islands

Aerial Radiation Survey
Date of Survey: September-November 1978
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Fig. 1. Atolls and islards of the Northemn Marshall Islands radiological survey.

The Lawrence Livermore National Laboratory
(LLNL) was responsible for the technical direction of the
survey. subsequent sample processing. analytical work.
and publishing of results. The Nevada Operations Office
(NVQOO) of the U.S. Department of Energy (DOE) was
responsible for program management in the planning
phases and the interaction with other United States
agencies and departments and the government and peo-
ple of the Marshall Islands.

The survey was conducted in three separate seg-
ments over a 3-mo period. The first segment of the
survey included Rongelap. Taka. Utirik. Bikar. Rongerik.
and Ailinginae Atolls. The second segment included
Likiep. Ailuk. and Wotho Atolls. and Jemo and Meijit
Islands. The concluding third segment included Ujelang
and Bikini Atolls. with a limited stop at Enewetak Atoll.

The external gamma aerial survev was conducted
from the ship. U.S.N.S. Wheeling. by Edgerton Germe-
shausen and Grier (EG&G) with the support of a Navy
helicopter group. HC-1 Detachment 3. from the North

Island Naval Air Station. San Diego. California. The
EG&G Nal detector and data analysis system was
mounted on one of the two Navy helicopters (Sikorski
H-3) carried by the Wheeling and flown by Navy pilots
on 46-m grid lines at an altitude of 57 m over the islands
at each atoll. A complete report of the external gamma
measurement program is available as part of the Northern
Marshall Islands survev assessment (Tipton and
Meibaum 1981).

The terrestnial and marine programs were conducted
primarily with small boats using the Wheeling as an
operation base. These two sampling programs were
designed as screening surveys to collect adequate sam-
ples 10 make dose estimates for ingestion and inhalation
pathways. A second helicopter aboard ship was used to
help distribute equipment and marine and terrestrial
sampling crews around the atolls. During the first leg of
the survey. weather was good and the helicopters were
used only for the aerial survey. During the second leg of
the survey. only one helicopter was in operation and it
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was dedicated to the aenal survey. During the third leg,
the second helicopter became available and was essential
to the terrestrial and marine programs because of adverse
weather conditions.

A summary of the numbers and types of samples
collected at each atoil is listed in Table 1. Over 5,400
soil. animal. vegetation. fish. clam. sediment. cistern
water. and groundwater sampies were collected from the
2 atolis and 2 islands during the Northern Marshall
i~lands survey field operations. All samples were re-
wrned to LLNL for processing. The anaiyucal work was
conducted both at LLNL and at contract laboratories.

A series of reports were produced that addressed the
radionuclide concentrations in cistern water and ground-
water. and the estimated doses via ingested water (Nosh-
kin et al. 1981a): the radionuclide concentration in
marine species and the associated estimated doses from
the marine pathway (Robison et al. 1981b: Noshkin et al.
1981b); the radionuclide concentration in soils, plants,
and animals at each of the awlls and islands and the
estimated doses via the terrestrial food chain and all other
pathways (Robison et al. 1982a): the anaiytical methods
and quality control programs (Jennings and Mount
1983):; the data base: and the sampling. processing, and
analytical methods and summary (Robison et al. 1981a).
A separate report was written ror Bikini Atoll (Robison et
al. 1982b).

Since the 1978 NMIRS. extensive data bases have
been developed for Rongelap. Enewetak. and Bikini
Atolls, and separate. more detailed data and dose assess-
ments have been published (Robison et al. 1987, 1988,
1994, 1997; Robison and Conrado 1996a. b).

This report summarizes the radiological concentra-
tions and doses from all pathways developed for the
NMIRS. All data are decay corrected to 1996 to represent
current conditions. Detailed results are summarized in
the original reports.

SAMPLE COLLECTION PROCEDURES

Terrestrial samples (plant, animal, soil. and water)

The field collections were designed to take a repre-
sentative sample of the locally grown food supplies
available to the local populations and to determine the
radionuclide concentrations in animals and plants rela-
tive to soils for an entire island and atoll. At inhabited
atolls. local residents were hired to assist field crews in
the collection of the samples.

Representative samples of available local food sup-
plies consisted of animals. fowl. and food grown on the
islands. Coconuts are the most common and abundant of
the food plants and provided a common tyvpe of sample at
all atolls. When found by field teams. Pandanus. bread-
fruit, papaya. banana. squash, and Tacca (arrowroot)
were also collected. If no food crops were available on an
island. then native plants such as Morindd fruit. and
Scaevola. Pisonia. and Messerschmedia leaves were
collected so estimates of the radionuclide concentraton
in food crops could be developed using correlation
coefficients (activity per gram in one plant species
divided by the activity per gram in a different species).

Pigs and chickens. which represent the major source
of meat protein outside of imported canned meats. were
collected for analysis of various organs. Coconut crabs
were collected when found.

Soil profile sampies were collected in the root zone
of most of the sampled plants. The radionuclide concen-
trations measured in the plant tissue could then be
compared to concentrations in the soil. Approximately 1
kg sample of soil was taken in the following increments:
0-5, 5-10. 10-15, 15-25, 25-40, and 40-60 cm. A
40-cm-deep profile encompasses most of the active root
zone of the subsistence crops that grow in the Northern
Marshall Islands. A trench was dug radially from the
trees to minimize root damage using either a backhoe or

Table 1. Total number of samples coiiected and analyzed by atoll or island from the NMIRS.

No. of Cistern Ground Lagoon Lagoon Total

Atoll islands  Soil  Vegetauon  Animal® Fish* Clams® water water water  sediment samples
Rongelap” 12 398 143 28 149 10 2 2 7 9 748
Taka 3 53 1~ 0 42 10 0 0 2 4 128
Utirik S 271 116 22 12 12 1 1 4 6 475
Bikar 3 41 s 0 54 6 0 0 3 4 116
Rongerik 6 161 5% 1 84 10 0 0 4 6 324
Ailinginae 10 225 "3 2 90 12 1 0 4 10 423
Likiep 10 266 103 24 79 8 3 3 4 9 499
Jemo Island 1 18 o) 0 24 0 0 0 0 3 Si
Mejit Island 1 48 25 23 6 0 0 0 0 3 106
Ailuk 9 262 j02 24 54 6 K} 3 4 8 466
Wotho 4 i74 BN 15 60 7 1 ] 4 7 317
Ujelang 7 279 114 14 42 8 | 1 5 5 469
Bikini® 15 291 127 0 179 12 2 4 7 11 1.233
Enewetak” 5 6 i 0 60 0 0 0 0 0 80
Total 91 2093 961 153 965 101 14 15 48 85 5435

* Values for animals. fish. and clams are tne number of tissues premared for analysis.
® Additional radiological data have been ceveloped over the vears (Robison et al. 1987. 1988. 1994, 1997: Robison and Conrado

1996a.b).
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shovel. Additionai soil profiles were collected at sites
around the islands with no associated plant samples.
Groundwater (well water) and cistern water (rain-
water collected from dwelling roofs) samples were col-
lected whenever available at the atolls. The groundwater
was filtered through I- and 0.4-um filters to separate
particulates. Cistern water was not filtered.

Marine samples (seawater. sediment, fish, and clams)

Large-volume seawater samples were taken from
various locations in each lagoon. All samples were
filtered through a i-um cylindrical fiber-cartridge filter
into plastic barrels to separate particulates. Sediment
samples were aiso collected at these locations. Additional
sediment samples were collected from other locations
around the inner penimeter of the lagoons.

Throw nets were used exclusively to catch reef fish
at the atolls. Large pelagic and benthic fish were col-
lected on sport fishing gear.

Specific species collected represented those com-
monly eaten by the Marshallese and found in relative
abundance at different locations. In addition, we col-
lected species with a variety of feeding habits. and for
those which previous radiological data were available.

SAMPLE PROCESSING PROCEDURES

Terrestrial samples

Most vegetation samples were a composite on the
average of five individual fruits. The plant samples were
washed to remove any soil, dissected into different
segments (i.e.. meat. skin, and seeds) and weighed. The
samples were then freeze-dried, reweighed, and ground
to a homogeneous texture. Juices were slowly evaporated
in ovens to approximately 200 ml (Robison et al. 1981a).
The animal samples were dissected into different organs
and tissues. weighed. dried and ground. The soil samples
were dried and ball milled to produce a homogenous
sample.

The ground vegetation, animal. and soil samples
were pressed into an aluminum can or vial, with volumes
of 222 cm" and 42 cm” respectively, and sent for analysis
by gamma specuometry of '*’Cs and other gamma
emitting radionuclides. Detailed processing procedures
are outlined in Stuart (1995).

When gamma analysis was complete, the canned
samples were sent to a contract laboratory for wet
chemistry analysis for *Sr, ****24°py_ and 2*' Am. Du-
plicates and standards. blind to the analyst. were included
with each group of samples sent for analysis. A complete
report on the quality control program is a part of the
original series of reports (Jennings and Mount 1983). The
quality control program was conducted independently by
C. D. Jennings of Western Oregon State College. Ore-
on.

=}

Marine samples
Filtered water samples were transferred to large.
plastic processing containers where they were acidified.

July 1997. Volume 73. Number |

and standardized carrier solutions were added. The ra-
dionuclides were separated from the water using pub-
lished procedures (Wong et al. 1994). The filters (partic-
ulate fractions) were dry ashed. gamma counted,
dissolved. and specific radionuclides separated by stan-
dard procedures.

Frozen sediment samples were thawed. weighed
wet. and dried in ovens to a constant weight. The
sediment was then homogenized using a shaker-type ball
mill and placed in the aluminum cans or vials for analysis
by gamma spectrometry.

Fish and vertebrate samples from each location were
thawed. weighed. measured. and dissected into distinct
tissues and organs. Sample tissues from the same catch
and species were pooled to produce a large enough
sample for analysis. The samples were oven dried, dry
ashed. homogenized. and put in aluminum cans or vials
for gamma analysis.

Wet chemistry analyses at LLNL were performed by
standard methodology (Wong et al. 1994). Each contrac-
tor laboratory used their own procedures. but had 1o meet
our quality control criteria (Jennings and Mount 1983).

DOSE CALCULATION METHODOLOGY

The analytical results from the analysis of these
samples along with the EG&G external gamma data were
the basis for the dose assessments at the atolls and
islands.

The dose estimates for each island were calculated
for 1996 assuming residence on the island and the
consumption of local foods grown on the island. We used
Spiers methods (Spiers 1968) in conjunction with models
developed by Bennett (1973, 1977), Bennett and Klusek
(1978). and Bennett and Harley?! to calculate the bone
marrow dose from ®Sr. For other radionuclides. the dose
calculations were made using dose models described in
the Bikini Island dose assessment report in this issue
(Robison et al. 1997). The gut transfer factors used for
239*2%py and 2*' Am in the 1978 dose calculations were
107" and 5 X 107", respectively. The biological half-
lives used for piutonium and americium were 100 y for
bone and 40 y for liver. Plutonium and americium were
assumed to be class-W compounds for the inhalation
dose calculations.

The radionuclide concentration data used for the
ingestion pathway dose estimates are listed in detail for
terrestrial foods. marine foods. and water in the original
reports (Robison et al. 1981b. 1982a: Noshkin et al.
1981a). A summary for the most imponant food is given
in Tables 2. 3. and 4 for representative islands at each
atoll. decay corrected to 1996.

The ingestion doses in this report are based on a diet
model that includes both locally grown and imported
foods. This diet model. and its relevance to dose esti-
mates in the Marshall Island. is discussed in two reports

1 Personal communication, Bennet, B. C.. Harley. J. United
States Depaniment of Energy Environmental Measurements Labora-
tory. New York. NY: 1979.
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Table 3. The mean concentranons of radionuclides in muscle tissue from animals collected on representative islands at

each atoll.

Radionuclide concentrations in Bq kg ' wet weight*

Pork Chicken Coconut Crab

AtolVIsland N® 'V7Cy Y Jre-opy “amt N Y, 08¢ 20 2pyy Mame NP PICg wgp MWe2ap,  Miam.
Rongelap

Rongelap 2 212 0.087 14 X107 28x107% | 64 0.13 2510741 X107 — —  — _ —_

Atbar — — — - - — — — — — 2 87 38 0.072 0.028
Addinginae _

Sifo - — — - — - - — — — 1 41 22 0025 43x10°°F
Lririk

Utirik 2 83 0036 <40x10*<1Tx107% 1 14 0.19 95x107* 23X 107 — — — — —
Likiep

Likiep 2 44 —_ — — 2 27 —_ — — - - = - -
MejitIsland 2 44 97 x 107% 16x10°* 18x10°% 2 12 0.014 10107 12%x107" — — — — —_—
Atuk

Ailuk 2003 0094 <17x107* 77x107* 1 88 0027 <36XI107*18XI107'— — — — —
wotho

Wotho | 16 19X 1I07'<I4x107* <l1x107*1 26 46X10°° 10x10° — —_ - - — _
Uielang -

Ujelang 2 11 0.014 66x107* 50x107% — — — — —_ - - = — —

* Specific activity decay corrected 1o 1996.
® Number of sampies collected.

¢ Specific activity for *' Am retlects the in growth from **'Pu decay since 1978.

Table 4. The mean concentrauons of radionuclides in muscle tissue from fish and clams cotlected at each atoll or isiand.
NOTE: Non-detected concentrations are equal to the maximum detection limit and are noted by the < symbol.

Radionuclide concentrations in mBq kg ™' wet weight®

Reef fish Pelagic fish Clams
AlO" Nb I37CS 9(lsr 2‘9*240Pu ::iAmc Nb If!7(:S ‘)l)sr 23902‘0Pu l-“Amc Nb I37CS 9(lsr 2319+ Zﬂlpu IJIAmc
Rongelap 598 586 17 11 1.4 7 684 <73 0.22 027 3 48 160 8l 46
Rongerik 283 317 12 2.6 04! 7 611 <13 052 <027 3 146 109 13 14
Ailinginae 279 342 12 37 091 4 537 <73 037 <037 4 <14 24 13 9.1
Utirik 110 298 <21 8.5 046 3 469 <98 <037 <046 19 15 <6l 16 <2.7
Taka 129 220 12 44 091 3 684 <49 0.19 <014 3 <41 <81 15 <9.0
Likiep 294 269 17 1.5 091 — — — —_ — 4 <20 <34 12 <25
Mejit Island 70 171 —_ <0.07 - = - —_ —_ _ = = = — —_
Ailuk 172 220 <12 1.5 <046 | 391 <17 0.74 023 3 <25 <29 37 <14
Wotho 298 317 <10 1.5 046 2 488 49 <0.15 0.14 2 <I2 <83 33 4.6
Ujelang 77 147 S <0.11 <023 87 488 <73 0.74 <046 13 30 <98 22 16
Bikar 140 41§ 12 1.5 046 4 635 98 0.37 <046 3 65 <49 4.8 3
Jemo Island - 99 391 <24 1.5 <37 = — — — — —_— - — — —_

* Specific activity decay corrected to 1996.

® Number of individual fish or ciams collected. Samples were pooted from the same caich and species. and this number does not

represent the number of analyses performed.

< Specific activity for 2*'Am reflects the in growth from >*'Pu decay since 1978.

in this issue (Robison et al. 1997: Robison and Sun
1996).

The external gamma measurements made with the
aerial system by EG&G were the main data used at most
atolls to determine the externai gamma dose at the
isiands. Detailed data showing specific contours for each
isiand are available in the onginai report (Tipton and
Meibaum 1981). The resolution on island surtace for the
aenal measurements was about 100 m. Additional exter-
nal gamma data were available for Bikini and Eneu
Isiands at Bikini Atoll. A major external gamma survey
was conducted at these 2 islands by LLNL in 1975
{Gudiksen et al. 1976). The survev was conducted on the
ground using portable gamma-rate meters at | m height.

The survey on Bikini Island was conducted at 30-m
intervals over the whole island resulting in about 2,100
measurements. The external gamma measurements at
Eneu were made at 100-m intervals. The EG&G contours
for Bikini Island developed from the aerial measurement
were very consistent with the contours developed from
the ground survey with a 30-m resolution. The surveys
also agreed very well at Eneu Island.

The dose estimates for external gamma exposure
were made using the island average exposure rate for
'37Cs and *“Co. No shielding was included. Dose esti-
mates subsequent (o the 1978 publications use estab-
lished time distributions for various areas of the islands
and measurements made inside houses and around the
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village center and living areas. These are combined to
develop more realistic external dose estimates as de-
scribed in the Bikini dose assessment in this issue
(Robison et al. 1997).

239+230py and **'Am are the major contributors to
radiological dose via the inhalation pathway. The meth-
odology is based on resuspension experiments conducted
at 3 different atolls in the Marshall Islands. The dose
estimates from the inhalation pathway are based on a
mass loading model developed from our Bikini Island
resuspension studies and discussed in other reports in this
issue (Robison et al. 1997: Shinn et al. 1997). The
surface soil (0—5 cm) is the source of **°*2*°Py and
24l Am particulates resuspended in the air by wind action
and available for inhalation. The dose estimates via
inhalation at the various islands were determined by
using the #*°*2%°Py and ?*'Am concentration in the
surface soils at each isiand, the mass loading model. and
a breathing rate of 22 m’ d”' to determine the dailv
inhalation of plutonium and americium. The ICRP lung
model used to estimate the dose was the lung model
given in ICRP 30 (1982).

RESULTS

The radionuclide concentrations were determined
for most of the food items listed in the diet model used
for dose assessment. If food samples were available for
an island, then the data were used. For those atolls where
some food crops and animals were unavailable, the
radionuclide concentration was estimated by applying
concentration ratios (activity per gram in vegetation
divided by the activity per gram in soil) or correlation
coefficients that were developed at atolls where such
food crops were available, to the soil or plants at those
islands where direct data were unavailable. Data for fish
and clams, for islands where some species were not
caught, were extrapoiated for lagoons where similar
conditions existed. A total of 26.018 analyses. by both
gamma spectroscopy and wet chemistry. resulted from
the NMIRS (Robison et al. 1981a).

The mean radionuclide concentrations of '*’Cs.
99gr, 2*9+240py and 2*' Am for the major local terrestrial
foods found in the Marshallese diet are given for the
residence islands or major land masses of each atoll in
Tables 2 and 3. These data are representative of each
atoll sampled. Data for the other islands at the atolls and
minor food items collected can be found in the original
reports (Robison et al. 1982a).

Coconut consumption is the major source of radio-
nuclide intake from local foods. Two distinct growth
stages exist in the diet model for coconut-drinking and
copra. Drinking coconuts have a dry to wet weight ratio
of less than 0.45. Copra coconuts have a ratio greater
than or equal to 0.45. '*’Cs concentrations are much
lower in the drinking than the copra coconuts. Calculated
doses are dependent on differentiating between the stages
of coconut.

The mean radionuclide concentrauons for the ma-
rine species found in the diet model by atoll or island are

July 1997. Volume 73. Number |

found in Table 4. A more detailed breakdown by species
and tissue can be found in the original reports (Robison
et al. 1981b: Noshkin et al. 1981b). Sediment and sea
water can be used for further comparison of radionuclide
conditions found in the marine environment. These
resuits can be found in Noshkin et al. (1987a. b).

Cistern and ground water are also found in the diet
model. The drinking water pathway contributes a small
portion of radionuclides to the total estimated doses.
Radionuclide concentrations and dose assessments of
cistern and ground water are found in the original reports
{Noshkin et al. 1981a).

Soil radiological conditions at the representative
islands at each atoll are characterized in Table 5. The
mean concentrations of '*’Cs, *’Sr, 29 24°py and 2*' Am
are listed by increments in the soil profile. The decrease
in activity with depth is exponential as shown in Fig. 2.
Approximately 80% of the activity is in the top 15 cm of
the soil column for atolls and islands sampled.

The external gamma data generated by EG&G used
for the dose assessment are listed in Table 6. The mean
value was used for calculating the external gamma dose
at each island. The range of exposure rate contours that
encompass most of the land area for each island are also
listed.

1000 -

100"

Mesn RAsdlonuclide Conceniration, Bg/kg dry weight

c S 10 15 20 25 30 2

o

Soil depth migpoint, ¢cm

Fig. 2. Mean radionuclide concentrations in soil at Rongelap
Island. Rongelap Atoll. The exponential reduction in concentrauon
as a function of soil depth. is representative of soil profiles at other
islands and atolls summarized in this report.
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Table 6. External gamma exposure rates at atolls and islands included in the NMIRS.?

Mean Major contours Mean Major contours
Awllisland uRh~! uR K™ Atoll/1sland uR h~! uR h™!
Bikins Lrirtk
Nam 14 90 Aon 0.46 0.43-0.92
Lron 45 0.5-59 Bigrak 0.50 ).43-0.92
Odnk 7S I 0.23-0.92 Utirik 0.48 0.43-0.92
Lomlik 14 1.5-13 Taka
Aomen 30 0.23-15 Taka 0.28 0.20-0.43
Bikini 20 2040 Likiep
Rotkere 99 4.0-9.2 Jiebaru 0.13 0.09-0.20
Eneu 1.5 0.9-4.0 Kapenor 0.15 0.09-0.20
Acrokojilol 033 0.08-0.23 Mato 0.14 0.09-0.20
Leie. Eneman 0.86 0.08-0.92 Likiep 0.13 0.09-0.20
Enidrik 28 1.5-9.2 0.18 0.09-0.20
Lukoj 24 9-26 Mejit Island
Jelete 29 2040 Atluk
Oroken 7.3 2.6-59 Enejelar 0.17 0.09-0.20
Rongeiap Bigen 0.16 0.09-0.20
Borukka 45 2640 Agulue 0.14 0.09-0.20
Kabelle 9.2 4.0-13 Aliet 0.15 0.09-0.20
Eniaetok 6.6 4.0-9.2 Ailuk 0.13 0.09-0.20
Lomilal 21 13-26 Berejao 0.13 0.09-0.20
Yugui 25 13-26 Kapen 0.17 0.09-0.20
Rongelap 30 1.5-4.0 Wotho
Aroar 27 1.5-2.6 Medyeron 0.13 0.09-0.20
Naen 28 2040 Wotho 0.13 0.09-0.20
Lukuen 18 9-20 Kabben 0.15 0.09-0.20
Gabeile 5.8 4.0-59 Ujelang
Gogan 8.6 1.5-5.9 Eimnlapp 0.15, 0.09-0.20
Busch 3.6 1.54.0 Kalo 0.14 0.09-0.20
Tufa 3.0 0.9-26 Daisu 0.14 0.05-0.09
Rongenik Ujelang 0.13 0.09-0.20
Eniwetak 3.2 1.5-2.6 Bikar
Bigonattam 43 4.0-59 Jaboerukku 0.33 020043
Lotoback 38 2.640 Bikar 0.34 0.20-0.43
Brock 5.0 4.0-59 Jemo Island 0.15 0.09-0.20
Roagerik 40 4.0-59
Atlinginage
Ucchuwanen 1.3 0.50-0.92
Knox 0.92 0.50-0.92
Mogiri 1.3 0.23-092
Sifo 092 0.23-092
Ribinouri 13 0.50-0.92
Embpuk 1.1 0.50-0.92
Mawokoryaan 1.7 0.92-1.5

* Data from Tipton and Meibaum 1981, decay corrected to 1996.

The estimated maximum annual doses (defined as
that year when the sum of the dose from all radionuclides
and pathways 1s a maximum} based on the diet model and
radionuclide concentrations in food. water. and air and
the external gamma exposure at the islands are listed in
Table 7. The results are for 1996 conditions at the islands
and were generated by correcting the original doses for
radiological decay from 1978 to 1996 for both '*’Cs and
%0Sr. The 50-v integral effective doses from all exposure
pathways are aiso listed in Table 7. The 50-v integral
dose can be used for providing risk estimates for the
population.

An exampie of the relative importance of radionu-
clide and pathway contributions to the total estimated
dose can be found in Robison et al. (1997). In general.
the ingestion pathway at the various atolls contributes
70% to 90% of the estimated dose mostly from '*’Cs

(~95%). The external gamma exposure from'*’Cs ac-
counts for about 10% to 30% of the estimated dose.
Other pathways and radionuclides account for about 3%
931'915:32 of the eggilmated dose. The concentrations of 2,
- “Pu and ?*! Am are very low in all edible foods and
contribute in a minor way to the total dose. Resuspension
at the atolls is very low so that the inhalation dose from
239=240py and **'Am is about 1% of the total estimated
dose.

DISCUSSION AND CONCLUSION

The close-in fallout pattern from the BRAVO test.
shown in Fig. |. traveled in an easterly direcuon from
Bikini. Atolis east of Bikini and north of a line drawn
from the southern half of Enewetak Atoll in the west to
above Mejit Island in the east are more contaminated
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Table 7. The estimated maximum annuai effective doses and the 50-y imegral effective doses in 1996 for atolls and

islands’included in the NMIRS.

Annual dose S0-v integral

Annual dose 50-v integral

Annual dose 50-y integral

Atol/Island mSv 7! dose. mSv  Awolldsland  mSv vo! dose. mSv  Atolllsland  mSv vo! dose. mSv
Rongelap Taka Ailuk cont.

Naen 2.1 64 Taka 0.03 1.0 Berejao 0.03 09

Kabelle 09 26 Eluk 0.02 0.7 Kapen 0.03 1.0

Mellu 0.6 18.5 Eluk 0.02 0.7 Worho

Eniaetok 0.6 19 Likiep Medyeron 0.02 0.5

Rongelap 04 | Agony 0.02 0.8 Wotho 0.02 0.5

Arbar 0.2 6.6 Kapenor 0.02 0.6 Kabben 0.02 0.5
Rongertk Likiep 0.03 1:1 Bikar

Enewetak 0.3 8.6 Rikuraru 0.02 0.7 Jaboerukku 0.04 13

Rongerik 04 12 Mejit Is. 0.04 1.2 Bikar 0.04 1.3
Ailinginae

Ucchuwanen 0.1 4.6 Ailuk Jemo is. 0.03 09

Knox 0.2 5.1 Enijabro 0.03 0.8

Mogin 0.2 48 Enecjelar 0.03 0.9 Ujelang

Sifo 0.1 2.6 Bigen 0.04 1.3 Ujelang 0.02 0.7
Utirik Agulue 0.03 09

Aon 0.10 32 Aliet 0.03 08

Utirik 0.07 22 Ailuk 0.03 1.0

than those lying to the south of this iine. The atolls east
of Bikini Atoll and north of the above mentioned line
received a deposition density of radionuclides that dimin-
ished with distance from Bikini Atoll.

For example, the highest radionuclide concentra-
tions in soil and plants, the highest external gamma
exposures, and, consequently. the highest estimated
doses east of Bikini are at Rongelap Atoll. There is a
significant difference between the southern half and the
northern half of Rongelap atoll. The concentration of
radionuclides in soil and vegetation is about a factor of
five lower in the southern half of the atoll (Robison and
Conrado 1996a, b). Contamination levels in the northern
half of Rongelap are more similar to Bikini Island
because the centerline of the fallout pattern crossed the
northern half of Rongelap Atoll. The dose estimates in
Table 7 reflect this difference with the dose for Rongelap
Island being about 0.4 mSv v~ ' and that for Naen Island
in the north being 2.1 mSv y~'.

Rongerik Atoll, just east of Rongelap. has the next
highest deposition density of radionuclides, Rongerik is
an uninhabited atoll, but assuming residence on Rongerik
leads to estimated doses of about 0.4 mSy y L.

Ailinginae Atoll, which is owned by the Rongelap
peopie. lies just to the southwest of Rongelap Atoll. and
as a result of the location. the deposition density of
radionuclides and the resultant estimated doses are less
than at Rongelap Island. The estimated doses for resi-
dence on Ailinginae are about 0.] 10 0.2 mSv vl

The deposition density of radionuclides diminishes
significantly for atolls south of Ailinginae Atoll and east
of Rongerik Atoll. At Utirik Atoll the '#’Cs concentra-
tions in the soil and the external gamma exposure are
about a factor of 6 less than at Rongeiap Island. The
estimate dose for Utirik Island is less than 0. mSvy~".

The atolls south of the above mentioned line,
Ujelang. Wotho. Ailuk, Likiep. Jemo Island. and Mejit
Island. all have much lower concentrations of radionu-

clides in the soil and plants and lower external gamma
exposures than the atolls discussed above that lie to their
north. The effective dose estimates all range between
0.02 and 0.04 mSv y™' with the 50-y integral effective
dose ranging from 0.5 to 1.3 mSv.

The methodology for calculating the uncertainty and
interindividual vaniability in dose estimates at Bikini
Island can be found in this issue (Bogen et al. 1997). The
results in this report for Bikini Island are indicative of the
range of uncertainty and interindividual variability in
estimates for other islands.

The background radiation dose in the Marshali
Islands is about 2.4 mSv v~! (Table 8) of which a
significant fraction (1.8 mSv) comes from naturally
occurring *'“Po ingested via consumption of fresh fish
(Noshkin et al. 1994), Consequently, the combined dose
from background and bomb related radionuclides is fess
than 2.8 mSv y ™' at Rongeiap Island, about 2.5 mSy y~!
at Ailinginae Atoll. less than 2.5 mSv v~ ! at Utirik, and
only slightly over the background dose of 2.4 mSv y la
the other inhabited atolls of Ujelang, Wotho, Ailuk.
Likiep, and Mejit Island.

For comparison. the average background dose
worldwide is about 2.4 mSv v ™' with some regions of the
world having background doses above 10 mSv y~!

Table 8. Marshali Islands background dose.

Effective dose rate

Source mSv y~!
Cosmic 0.22
Comogenic 0.01
Terrestnal 0.01
K 0.18
21%Po (diet 1.8
*1“Pb (dietr 0.20
Total 24

* Main source s resh fish in the locai diet (Noshkin et al. 1994).
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Table 9. '*’Cs concentrations in vegetation and soil in the 3-15° latitude band.

Bq kg~' wet weighr

Bq kg ~' drv weight"

Drninking Drinking
coconut coconut Soil Soil
Locations N® meat Nt juice NP Breadiruit N Pandanus N° 0-5cm  N®  040cm
Pohnpei® 11 5.2. 9 1.7 8 45 — — 17 8.1 17 28
Pohnpei* 1 34 — — — — — _ 3 g6 — -
Majuro Atoll* 14 35 14 1.9 5 1.2 — — 13 29 — —
Majuro Atoll* 2 7.6 — — —_ — —_ — 1 15 — —
Kwajalein 13 49 14 30 2 6.9 I 14 15 6.9 8 24
Atoll
Kwajalein 1 85 — — — — — — — —_ _ —_
Atoll*
Guam® 2 2.1 — —_ — — — 2 1 —
Truk? 3 1.7 — — — — — ] 43 —
Palau® 2 1.0 — — — — — 3 83

* Specific activity decay corrected to 1996.
* Number of samples.

< Specific activity is from samples collecied between 1981 and 1990 by LLNL.

< Specific activity from Nelson (1979).
¢ Specific activity from Nelson (1977).

{UNSCEAR 1993). The average background dose in the
U.S. is about 3 mSv y~' (NCRP 1987). The estimated
combined dose at Rongelap Island of less than 2.8 mSv
vy~ ! is slightly above the worldwide average of 2.4 mSv
y~!. but below the U.S. average of 3 mSv y™'. All other
inhabited atolls have combined doses from background
and bomb-related radionuclides essentially the same as
the world wide .average of 2.4 mSv y™'.

The concentration of '*’Cs in soils and vegetation
from the southern half of Kwajalein Atoll. Majuro Atoll,
Pohnpei. Guam, Truk, and Palau that represent world-
wide fallout levels for the 5-15°N latitude band. are
listed in Table 9. The concentrations of these same
radionuclides at Likiep, Ujelang, Wotho. Ailuk. and
Jemo and Mejit Islands are about a factor of 2 to 3 above
these worldwide fallout levels.

External gamma measurements were performed by
Simon and Graham (1994) for the northern and southern
atolls in the Marshall Islands. The gamma measurements
at the northern atolls of Likiep, Ailuk. and Jemo and
Mejit Islands were found to be slightly higher than the
southern Marshall Island atolls. The exposure levels at
these later atolls were indistinguishable from worid-
wide fallout levels at the 0—10°N latitude band.
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PAST AND PRESENT LEVELS OF SOME RADIONUCLIDES IN
FISH FROM BIKINI AND ENEWETAK ATOLLS

V. E. Noshkin.* W. L. Robison.* K. M. Wong.* J. L. Brunk.* R. J. Eagle” and H. E. Jones*

Abstract—Bikini and Enewetak were the sites in the Northern
Marshalil Islands that were used by the United States as testing
grounds for nuclear devices between 1946 and 1958. The
testing produced close-in fallout debris that was contaminated
with different radionuclides and which entered the aquatic
environment. The contaminated lagoon sediments became a
reservoir and source term of manmade radionuclides for the
resident marine organisms. This report contains a summary of
all the available data on the concentrations of '*’Cs. ®Co and
*'Bi in flesh samples of reef and pelagic fish collected from
Bikini and Enewetak Atolls between 1964 and 1995. The
«election of these three radionuclides for discussion is based on
the fact that these are the only radionuclides that have been
routinely detected by gamma spectrometry in flesh samples
from all fish for the last 20 y. Flesh from fish is an important
source of food in the Marshallese diet. These radionuclides
along with the transuranic radionuclides and *°Sr contribute
most of the small radiological dose from ingesting marine
foods. Some basic relationships among concentrations in dif-
ferent tissues and organs are discussed. The reef fish can be
used as indicator species because their body burden is derived
from feeding, over a lifetime, within a relatively small contam-
inated area of the lagoon. Therefore, the emphasis of this
report is to use this extensive and unique concentration data
base to describe the effective half lives and cycling for the
radionuciides in the marine environments during the 31-y
period berween 1964 and 1995. The results from an analysis of
the radionuclide concentrations in the flesh samples indicate
the removal rates for the 3 radionuclides are significantly
different. '*’Cs is removed from the lagoons with an effective
half life of 9-12 y. Little °°Co is mobilized to the water column
so that it is depleted in both environments, primarily through
radioactuve decay. The properties of **’Bi are different at
Enewetak and Bikini. At Enewetak the radionuclide is lost
from the environment with an effective half live of 5.1 y. At
Bikini oniv radioactive decay can account for the rate at which
the radionuclide is lost from the lagoon. The difference in the
binding properties of the sedimentary materials for **’Bi
among the two Atolls is not understood.
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INTRODUCTION

ENeEwETAK AToOLL. located at about 11°21°N, 162°21'E, is
the northwestern-most atoll in the Western (Ralik) chain
of the Marshall Islands. The atoll originally consisted of
a ring of 42 (39 remaining) low islands arranged on a
roughly elliptical shaped reet. 40.2 by 32.2 km. with the
elongated axis in the northwesterly direction. The atoll
was one of the two sites in the northern Marshall Islands
that was used by the United States as testing grounds for
nuclear devices. At Enewetak. 19 of the 43 tests were
made from barges anchored in the lagoon. The remaining
tests included 2 air drops. 2 underwater tests, 7 ground
surface tests and 13 tests with devices fixed to towers.
Bikini Atoll. approximately 305 km east of Enewetak,
was the first U.S. nuclear test site in the Pacific. It is
located at 11°36'N. 165°22°E and consists of 23 coral
islands surrounding a lagoon 35 km long, 21 km wide,
and 630 km” in area. Most of the 23 tests conducted at
Bikini were detonated on barges anchored in the lagoon
or on the reef. Two tests were air drops, one was
underwater, and three were ground surface explosions.
Figures showing the Marshallese and U.S. names as-
signed during the testing program and locations of the
islands at Enewetak Atoll and Bikini Atoll appear in
other articles of this volume ( Noshkin and Robison 1997,
Robison et al. 1997).

The U.S.”moratorium began on 31 October 1958,
and marked the end of all nuclear testing at the atolls.
The testing produced close-in fallout debris that was
contaminated with different radionuclides and which
entered the aquatic environment of the atolls. In the years
that followed. the components associated with the lagoon
sediments provided a reservoir and source term of
manmade radionuclides for the resident marine organ-
isms. These radionuclides are now remobilized. resus-
pended. assimilated. and transterred continuously within
the Atoll environment by phyvsical. chemical. and biolog-
ical processes. Some of these processes at the atolls are
discussed in McMurtry et al. (1985): Nelson and Noshkin
(1973). Noshkin et al. (1974); Noshkin et al. (1975):
Noshkin and Wong (1980): Schell et al. (1980): Schell
(1987). and Spies et al. (1981). Of importance 1s the fact
that the persistent activities are accumulated to different
levels by indigenous terrestnial and aquatic plants and
organisms that mav be used as tood by people. Uptake of
different radionuclides by fishes can be directly from
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soluble species released to the water and from ingested
material passing through the gut (Noshkin et al. 1987).

The first major aquatic survey that deveioped quan-
titative data for different radionuclides in fish from
Enewetak and Bikimi was conducted duning 1964. 6 y
after the moratorium (Welander et al. 1967. Welander
1969). Samples of fish were again collected by others at
Bikini duning 1969. 1970. 1972. 1974, 1975. 1976 and
1977 (Held 1971. Lynch et al. 1975: Schell et al. 1978:
Nelson 1977) and at Enewetak in 1972-73 (Nelson and
Noshkin 1973). Following the radiological aquatic sur-
vey at Enewetak in 1973 (Nelson and Noshkin 1973), a
more dctailed long term study was initiated to assess the
behavior and fate of specific radionuclides in the aquatic
environment. These studies were extended to Bikini
Atoll in 1975. As part of this work a variety of fish was
collected between 1975 and 1984 from the atolls for
radionuclide analysis. Several reasons prompted these
collections and the subsequent radiological analysis. The
ultimate objective for obtaining radiological information
was 1o use the data in estimating any potential radiolog-
ical consequences to individuals from ingestion of indig-
enous manne foods. Hence. a major effort was devoted to
dissections and analysis of the edible muscle tissue from
a variety of fish. Other studies were made 1o evaluate the
vanability of radionuclides in families of fish: to define
the major tissues or organs where radionuclides were
concentrated by fish: and to develop concentration fac-
tors and relationships to assess the effective half time for
some of the long-lived radionuclides using the resident
non-migratory reef fish as indicators of environmental
change.

The data generated from this effort showed that the
radiological dose from manmade radionuclides in the
marine food chain contribute less than 0.1% of the total
30-v integral dose equivalent at both Atolls (Robison
1973. Robison et al. 1987; Robison et al. 1997). The
ingestion dose was derived principally from 3 gamma
emitting radionuclides. '*’Cs. ®’Co and **"Bi: the tran-
suranic radionuclides, ***2%*2%py_ *'Am: and *'Sr.
The largest contributor to the total marine dose was the
'*7Cs accumulated in the edible flesh. The transuranic
radionuclides and *’Sr contributed little to the total dose
from ingestion of marine foods. This collection program
was phased out in 1985, but fish samples were again
collected in the 1990s to verify the results of the original
assessments and to determine what, if any. changes
occurred in the concentrations of gamma emitting radio-
nuclides and the transuranics in muscle tissues. Re-
sources only permitted analysis of muscie tissue in these
later samples. However. with these new data and resuits
from earlier studies. a valuable data base was available
tor radionuchides in the flesh of different fish that span
the 31-v period from 1964 to 1995. Some reef fish can be
used as indicator species because their body burden 1
denived from feeding. over a lifetime. within a relativelv
small arca containing the contamination. Decrease
radionuclide concentration in tlesh can be used 1o esti-
mate the effective decay constant and half-lives. The
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effective half life takes into account loss by physical
decay and recycling mechanisms that reduce the avail-
able inventory of radionuclides to marine organisms. The
general mathematical 1orm of the 2xponenual expression
for the change over ume in the amount of a radionuclide,
using a indicator organism. can be found in Noshkin et al.
(1975).

The 1964 and all subsequent data were generated by
gamma spectrometry with Nal (Th crystals and different
solid state Ge(Li) detectors and by radiochemical sepa-
rations and using detection systems appropnate for the
determination of specific radionuclides. Many fission
products, activation products, and the transuranium ele-
ments were identified and measured in parts of fish.
However, only 3 gamma emitting radionuclides, '3’Cs,
®Co, **’Bi were measurable in flesh samples b

. ples by gamma
spectrometry over the 31-y period. Most results for these
radionuclides from our studies between 1974 and the
present have not previously appeared in the literature.
The transuranic radionuclides also persist in fish tissues
but plutonium-americium results have been discussed in
several other publications (Noshkin et al. 1981a: Noshkin
etal. 1987: Noshkin et al. 1988. Schell et al. 1978: Schell
1987). There is also a summary of plutonium results in
fish from Enewetak Atoll appearing in Noshkin and
Robison (1997). Other radionuclides such as *°Sr, >Fe,
and ®°Tc may be present in specific tissues of fish but
were found at concentrations so low that they contributed
very little to the estimated dose and therefore were not
measured in most samples on a regular basis. Naturally
occurring radionuclides were also determined in many
samples but are not discussed in this report.

This report summarizes both our data and those
from other sources on the 3 major gamma emitting
radionuclides in the flesh of reef and pelagic species of
fish. Some basic relationships among concentrations in
different tissues and organs will be presented. The
concentrations measured in the flesh of severali non-
migratory reef species are used to estimate the effective
half lives for “’Co. '*"Cs. and *""Bi dunng the 31-y
period between 1964 and 1995.

SAMPLING AND PROCESSING FISH

Most fish collections on the reef at the Atolls were
made using throw nets with assistance from Marshallese
fishermen or with gill nets (Welander et al. 1967: Schell
et al. 1978). Gill nets were not used after 1972, and reef
fishing for our program was done exclusively with throw
nets. Reef species are relatively abundant. easy to catch,
and are therefore an important food source for the
Marshallese. The fish were caught on the reef when and
where they were sighted in the surf. Thererore. fish may
be collected from different regions of an island in any
given year. Variability 1n radionuclide concentration can
then be expected as a function of geographical location
even on the same island. However. this “catch when
available™ method of fishing probabiyv best mimics the
manner by which these manne foods are denved by the
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Marshaliese for consumption. Noshkin and Robison
(1997) show what the effects of different fishing loca-
tions have on the concentration of '*’Cs accumulated in
the flesh of surgeonfish from Runit Island of Enewetak
Atoll. The other category of fish include larger resident
and migratory predator species that were usually more
difficult to catch with sport fishing gear while trolling in
the lagoon.

Except tor the larger fish it was usual to bulk flesh
and specific tissues and organs separated from the
species collected from an island on any given day. The
samples were homogenized. dried (or ashed) and trans-
ferred 1o suitable containers for analysis on gamma
spectrometers. A number of samples were then selected
for radiochemical analysis of different beta or alpha
emitting radionuclides. The common and scientific
names for the fish that were eventually processed to
determine radionuclides onlv in muscle tissue are shown
in Tables | and 2 with the sampling locations and a cross

reference island locator ID number that is used through-
out this report. The concentrauons of '*’Cs. ®’Co. and
*""Bi determined in flesh tissue of fish from Enewetak
and Bikini appear in the appendices and represent the
results in over 300 samples from 4470 fish. All results
are decay corrected to date of sample collection. A
cursory examination of the appendices reveals that con-
centrations in flesh vary with species. over time. and with
geographical location in each Atoll. Compositing the
ussues from the same species masked any differences in
concentration related to weight tsize or age) or sex.
Tables t and 2 and the Appendices A and B show
that 3 reef species. surgeonfish (2nd trophic level).
mullet (2nd trophic level). and goatfish (3rd trophic
level). are represented in most collections. Obviously,
then. these reef fish are easily caught but they are also
preferred in the Marshallese diet. Mullet and goatfish
were often caught in the same net cast at an island
indicating that both species move and feed together. A

Table 1. Fishing sites at Bikini Atoll since 1964 where muscle ussue was separated for analysis from the

species indicated.

Island Marshallese  Aug®  May® May® Nov! Dec's Apr® JulY Jaz Oct* Nov!  Sep' Feb' Jun  Aug' Sep’ Dec Nov
ID Name 1964 1970 1972 1972 1974 1975 1976 1977 1977 1978 (980 1981 1982 1983 1984 1992 1994
B-1  Nam gr.n.s,t¥ g sn u cr.nsn cr.n n cr.ng.s cr Cr.NS.g g.UIT gCrAS €N
B-2  lroy cr

B-3  Odnk bo.grj.s.t.w

B-5 Aomen £.0,p.Q.5 - cr.n,s,.g crs,gp o cr.s gns  gp
B-6  Bikini sn p.s.n s.g crgsn cn &g crg RIS gS
B-9  Enealo sn

B-10 Rojkere g n s.g

B-12  Eneu da.gr,n.s p.r.s £r.p S n.s.g s.g  ng

B-13  Aerokoj cr Cr.s.g

B-15  Lele 1 g

B-16 Eneman

B-17 Emdnk n,p.s.u o cr.n,g.p s n

B-2)  Oroken

B-22 Bokoetoktak u

B-23  Borkdrlul Qr.SILS.t n.s n.g

lagoon mn rabo ms s.bo.ba.mu snj.m m sn.bo

* Welander ¢1 al. (1967)
® Held (1971
* Lynch et al. (1975)
“ Sheli et ai. (1978)
¢ Nelson 11977)
“ Noshkin et al. (1988)
® ba = barracuda (Sphyraena sp.)

bo = bomito (Euthynnus affinus)

cr = mullet (Crenimugil crenilabisi

da = damselfish (Abudefduf biocellarus)
g = goanish (Mulloidchthys samoensis)
gr = grouper (Epinephelus merra)
!
i

jack 1 Caranx sp.)

adv1ish (Albula vulpes)

mackerel (Grammarorcynus billineatus)
muiiet tNeomyxus chapralii)

parroutish (Scarus sordidus)

q

ueenfish (S. sancri-petri)
rambow runner (Ellaeans bipinnulatus)
convict surgeon {Acanthurus triostegus)
sn = snapper (Lutjanus bohar)
= nggertish (Rhineacanthus ractangulus)
= wna (Gyvmnosarda nudu)
= uiua tCaranx melanpveus)
= wrasse | Halichoeres inmaculatus)

w 3100 33
Wy w0

tn

u
w




32 Health Physics

Table 2. Fishing sites at Enewetak Atoll since 1964 where muscle ussue was separated

species indicated.
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for analysis from the

Island Marshallese Aug® Nov®  Apr-May Jun Mar Nos Sept Juiv June Aug Sept Nov  Feb Nov  May
1D name 1964 1972 1976 1977 1978 1978 1980 1951 1982 1983 1952 1993 1994 1994 1995
E-2 Bokombako bu.da.gr.sn.sq.st.w® or crs g.ns s.cT.U

E-5  Bokinwotme gr.n.p.s.t

E-3 Boken cr.sn cr g.Cr.s

E-10 Enjeb gr.J.cr.p.s.t crp a 2.p.s sn g.erernsnst bo.gu gs figpas g gs

E-19 Aomon I n N bo.cr S

E-20 Biiile cr.p.snu g

E-24 Runit g.hs gr.p.tnu n.s cr.s g.cr.np.sns gans ns o bacrnsns a.s ns fig.ps gerns
E-33 Japtan P 2.C1.8

E-35 Medren sn.u

E-37 Enewetak gr.p.snu - cr.s s

E-38 Ikuren gr.s <n . cr

E-39 Mut P

E-43 Biken £2.87) cr.p N

E-5 Drekaumon ba.m.u m.u m.u

* Welander et al. (1967)
" Nelson and Noshkin (1973)
“ba = barracuda (Sphvraena sp.)
bo = bonito (Euthvnnus affinus)
bu = butterflyfish (Chaetodon auriga)
cr = mullet (Crenimugil crentiabisi
da = damselfish (Abudefdut brocetiatus:
= flagtail (Kuhlia taentura)
= goatfish (Mulloidchiiivs samoensis)
= grouper (Epinephelus merra:
halfbeak (Hemirhamphus latceps)
jack (Caranx sexfasciatus)
= mackerel (Grammaiorcynus bilineatus)
mullet (Neomyvxus chapraiu
parrotfish (Scarus sordidus)
convict surgeon (Acanthurus triostequs)
sn = snapper (Lutjanus bohar)
= nggerfish (Rhineacanihus ractanguius)
= tuna (Thunnus albacares)
= ulua (Caranx melanpygus)

—
£ 3 3 " 3"!011
]

brief description of the feeding habits can be found
eisewhere in this volume (Noshkin and Robison 1997).
The feeding habits and trophic ievel assignments of the
remaining reef and pelagic fish shown in Tables | and 2
and in the Appendices can be found elsewhere (Hiatt and
Strasburg 1965; Noshkin et al. 1988: Welander et al.
1967).

RESULTS AND DISCUSSION

Radionuclides detected in parts of different fish
from the atolls

In the 1964 study. sodium iodide detectors were
used with multichannel analyzers for non-destructive
anaiysis of the different samples. Spectrum stripping
methods were used to determine the levels of several
gamma emitting radionuclides accumulated by different
fish (Welander et al. 1967). Chemical separations were
used to 1solate other beta and alpha emitting radionu-
ciides from the samples. Data were ﬂeneru[ed for the
camma emitting radionuclides “*Mn. ~'Co. “’Co. **Zn.
"Ru. '**Sb. '¥'Cs and *""Bi (and nawral *"K). Radio-
chemical separations provided intormation on **Fe (de-
cay by EC). ®Sr, ***“2*Py and "~ ™Rh in the tish. The
presence of '“Ce. “*Eu and """ ™Ag was verified in

some samples. **’Bi had been previously reported in
environmental samples from the atolls (Lowman and
Palumbo 1962). but it was durning this survey that the first
determination of the radioisotope was made in fish
samples. It was present 1n fish from Enjebi Island,
Enewetak Atoll, in concentrations far exceeding those at
other islands of either atoll (Welander et al. 1967). At this
time '"Ru and '*°Sb were below detection limits in
mu%cle tissue of all fish from Bikini and the photopeak
from **Mn was not evident in any flesh samples from
Enewetak. Of the remaining gamma emitting radionu-
clides only **’Cs. ®Co and "°’Bi were detected with
regulanty.

Sampies of fish were again collected by others
during sampiing programs at Bikini in 1969. 1970, 1972.
1974.1975. 1976 and 1977 (Held 1971: Lynch et al.
1975: Neison 1977: Schell 1978y and at Enewetak in
1972-1972 (Neison and Noshkin 1973). Samples from
this latter survey (and from the 72, 74. 75 76 and 77
Bikini survevs) were eventually dried and/or ashed and
analvzed non-destructuvely on Ge(Li) detectors at differ-
ent laboratonies. For these latter programs it was possible
to resolve. without the spectral interference common to
Nal. the concentrations of any gamma emitting radionu-
clides present in the samples that exceeded detection

whidabs | A DRAN WY -

A e R

PR Y

e A L




Radionuclides 1n fish from Bikini and Enewetak Atolls @ V. E. NosHkIN ET AL. 53

limits. By 1974 the radionuclides **Mn. *’Co. "*'Ce.
nomaq 957r and '%Ru had sufficientiv decaved so that
they were only occasionally found in viscera, liver or gut
content samples from specific fish. With the improved
Ge(Li) detection systems. the gamma emitting rzdionu-
clides =*'Am. '"®'Rh. '**Cs. '"® ™Ag. and **">*Eu were
identified in parts of some fish along with *°K. ™Co.
'02mph. 1238b. 137Cs, '>5Eu and *“"Bi previousiv round
1 the 1964 sampies (Welander et al. 1967). Wet chem-
.l separation methods were used with beta-alpha detec-
ilon instruments to measure >*'Pu and ~>*Pu in addition
w *°Sr. *°Fe, ®*Ni. and ****?*’Pu. Mass spectrometry
was used to determine levels of ***Pu and **"Pu 1n parts
of some of the fish (Noshkin 1980). We identified and
quantified levels of **Tc, >**?**Cm and ''* ™Cd (Nosh-
kin et al. 1981b) in species of fish coilected dunng the
late 1970's. Concentrations of *****Cm and "Tc in
flesh were a few percent of the respective **°~2*°Py
concentration. The detection of ***Cm (1,,, = 163 d) in
environmental samples, 20 y after the end of tasting,
must indicate the presence of the parent radionuclide,
“MAm. in the environment.

By 1974, only the gamma emitting radionuciides,
"'Co and '*’Cs, were evident in the majority of muscle
tissue samples from reef and pelagic species. “°"Bi was
poorly concentrated or below detection iimits in muscle
from most reef fish except the goatfish, parrotfish. and
the larger pelagic species from the lagoon (see Appen-
dices). By the late 1970’s to the early 1980°s, onlv *°°Eu;
108 mAg 102 MRh were the only other gamma emitters, in
addition to ®Co, '*’Cs and 2°7Bi, above detection iimits
in separated samples of viscera. liver. or gut content
(Noshkin et al. 1988; Schell et al. 1978). Isotopes from
this former group of radionuclides were never in concen-
trations above detection limits in large samples of flesh
bulked for analysis by gamma spectrometry. In collec-
tions made during the 1990s. only the flesh was sepa-
rated from fish and analyzed. At both atolis “°'Bi
remained below detection limits in muscie tissue rrom all
reef fish except goatfish. Levels of '*’Cs diminished to
detection limits in mullet and goatfish at many islands,
and *°Co was found everywhere low in concentration or
below our limit of detection.

Tissue and organ concentrations of *°’Bi, *°Co. and
137Cs and geographical relationships

The larger migratory pelagic species cannot te used
as indicators for changes in the availability of the
radionuclides over time. The most useful data to assess
the temporal change in concentration is from reef species
that were repeatedly sampled over time from thz same
general locations at the Atolls. Theretore. this discussion
will be limited to an assessment of the concentrations in
3 common reef species—mullet. surgeonfish. and goat-
fish— but the appendices can be reterenced for levels in
the flesh of the other species of fish. Representative
whole fish concentrations for '*’Cs. ®“Co. and -~ "Bi in
mullet. surgeonfish. and goatfish from 1978 are recon-
structed from tissue and organ concentrauon data and the

percentages of the respective tissues to whole body
weight (Noshkin et al. 1987). Results are shown in Table
3 and are used to compute the percent of the whole body
activity associated with the tissues shown. The concen-
trations determined in the viscera samples are regrettably
less descriptive than those for the other tissues because of
the matrix of organs and tissues represented. These
include large and small intesunes with contents. stomach
wall. spleen. kidnev and mesenteries. The radionuclide
concentration of the viscera could often vary with the
amount of material in the intestines that often contained
quantities of bottomn sediment (especiallv the mullet)
labeled with the radionuclide.

Concentrations of '*’Cs r,,,=30.1 v1 in flesh and
viscera of fish are comparable but because of the larger
mass. most of the radionuclide accumulated by fish is
found associated with the edible flesh: tha lowest per-
centages are associated with bone and liver. Concentra-
tions in the flesh of the three species are approximately
equivalent 1o the concentration in the reconstructed
whole body. However. concentrations associated with
surgeonfish (see Appendices) were always greater than
levels in flesh of goatfish and generally exceeded or were
equivalent to the levels in mullet collected at the same
time from different islands of the Atolls. The surgeonfish
are the better environmental indicators for *’Cs levels.
At Bikini. higher concentrations of '*’Cs were generally
found in flesh of reef fish from the northwest quadrant of
the atoll (B-1 to B-5). and the lowest levels were
assoctated with reef species from the eastern reef. At
Enewetak. generally higher concentrations were mea-
sured in the reef fish from the northern half of the atoll
(E2-E-24) and lowest levels were found associated with
reef species from the southeastern and southern reef of
the atoll.

In 1982, ocean fish fillets purchased from stores in
the Chicago area of the United States. contained
0.85=0.07 Bq kg~ ' of '*Cs derived from global fallout
(Karthunen 1982). The appendices show that after 1978
the mean concentrations of '*’Cs in reef fish from islands
B-10 to B-23 at Bikini and from E-33 to E-38 at
Enewetak were comparable to the faliout levels in the
U.S. store-purchased fish.

Between 1958 (the end of testing) and 1994, *°Co
levels in the environments decreased by a factor of 30
from radioactive decay alone (1,,,=5.26 v). However,
measurable concentrations are still found in fish col-
lected duning the 1990’s. From 20 to 50% of the body
burden of ®’Co is present in the muscle tissue with most
of the remainder distributed among the liver. skin. and
viscera. Unlike '*”Cs. concentrations of ®Co in the flesh
of mullet and goatfish were consistently higher than
levels in surgeonfish simuitaneously caught at the same
islands. Therefore. the goatfish and mullet are better
environmental indicator species for changes in *°Co
concentrations 1n the lagoon environment. The levels of
®Co in the flesh of the reef fish from different regions of
the atolls vary in the same manner as '*’Cs and generally
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Table 3. Concentranons in ussues and percent of whole body concentration for 3 reel species.

Gut Reconstructed”
Muscle* Bone* Skin* Liver Viscera®  contents* whole fish

Istana  Common  Bg Bq Bq Bq Bg Bq concentration  Muscie/whole fish
locator = name ke ™ Gt okegT! T kgt Gt kgt ot kgT' @ kg !4 Bq k¢ acuvily rauo
*Cs
B-1 Mullet” 14.7 67 09 03 82 9 136 1.0 153 13 220 1.2 129 1.14
E-10 Multet 78 38 1.1 0.6 101 12 37 03 360 33 435 26 11y 0.65
B-6 Surgeonfish 6.2 67 0.2 02 105 20 35 04 55 6 58 07 61 1.0}
=24 Surgeonfish 4.4 72 0.7 05 133 12 46 02 158 8 215 I 122 1.09
B-1 Goatfish 5.5 74 25 < 4.1 40 03 40 S St 0l 49 1.11
E-2 Goatfish 1.5 75 0.1 09 1.0 8 09 03 18 9 20 01 1.3 1.13

mean = 1.03 = 0.12
%Co
B-1 Muliet 332 39 326 44 727 20 7421 13 69.0 1S 17.7 0.2 507 0.65
E-10 Mullet 1.3 17 46 74 96 32 814 17 6.5 17 40 06 43 0.30
B-10 Surgeonfish 1.0 36 13 61 2819 299 12 44 17 94 38 1.7 0.55
E-2 Surgeonfish 3.0 50 33 64 8324 392 67 19 3 252 43 a1 0.75
B-1 Goatfish 21,2 33 178 33 618 17 9511 9 2073 31 1336 02 432 0.49
E-10 Goatfish 13.2 29 54 14 362 14 3064 4.2 2001 44 453 0.1 29.8 0.44

meanx = 0.53 = 0.12
207B|
B-1 Mullet 0.1 18 0.1 2.1 01 4 43 8.1 20 45 46 6.7 0.5 0.30
E-24 Mullet 0.0 I 02 05 01 0 25 09 155 66 37.2 101 26 0.02
B-6 Surgeonfish 0.0 14 01 92 01 14 38 23 0.5 30 0.7 43 [sN 0.21
E-24 Surgeonfish 00 56 03 56 01 4 199 36 2.2 36 34 6.2 02 0.08
B-17 Goatfish 8.1 67 44 44 90 13 260 13 941 7 29 0.0 80 1.00
E-10 Goatfish 2419 71 656 2.2 173.0 9 2764 0.5 3542 10 453 0.0 2249 1.08

mean mullet & surgeonfish = 0.15 * 0.1]
mean goatfish = .04 = 0.04

* Muscle. skin, bone, liver. viscera and gut contents account for 93-95% of total fish weight.
"Bq kg~ whole fish = {X (Bq kg "' wet ussue) X (% tissue of whole body wt)] X (X % tissue of whole body 1)~

€ Percent of total body activity in respective tissue or organ.
¢ Mullet = Crenimugil crenilabis.

reflect the differences found in the distribution of activ-
ities associated with lagoon sediments.

Most striking were the differences found for 2°7Bi
(t,~ = 32.2 y) among the tissues of the reef species. In
muliet and surgeonfish, *°’Bi was usually below detec-
tion iimits by gamma spectrometry in many parts sepa-
rated Irom the fish. The radionuclide was consistently
detected in the muscle and other organs of goatfish and
the peiagic lagoon fish. About 70% of the whole body
activity of “’Bi in goatfish is associated with flesh
whereas less than 20% (when detected) is found in the
flesh of mullet and surgeonfish. Highest levels were
consistently found in flesh of goatfish collected on the
reef of Enjebi Isiand (E-10). Enewetak Atoll. Levels in
comparable species from islands of Enewetak Atoll
generally exceeded concentrations at Bikini Atoll. Goat-
fish are clearly the better indicator among different fish
for = Bi levels in the lagoon environment.

Previous estimates of the effective half-life of '*’Cs,
®Co. and *°"Bi using reef fish concentration data
Radiological dose assessments for the marine food
chain from ingestion of marine food have been made
assumung that the time necessarv to reduce the concen-
trauons in the food (and the environment) by a factor of
two i» related only to the radioactive half-life of a
radionuchde. Clearly, if other processes are operating in
the environment that reduced the availability ot a radio-

nuclide, the dose received by individuals over time
would be less. The concentrations in flesh from the reef
fish are used to describe the change in the activity levels
of '*’Cs, ®°Co, and **’Bi in the environment over a 30-y
period of time.

There have been other attempts to model the
changes in environmental concentrations using radiolog-
ical data retained in fish parts. During the 1972-1973
radiological survey of Enewetak. Nelson and Noshkin
(1973) compared the activity levels in 5 samples of
viscera from surgeonfish with those in samples from fish
collected at the same islands of the atoll in 1964. The
average fraction of ®Co and *’Bi found in 1972 viscera
was 0.11+0.04 and 0.32=0.19. respectively, of the
amounts measured in 1964. The effective half lives
computed from these data were 2.6=0.9 y for ®°Co and
5.0%3.0 y for *'Bi.

Schell (1987) used concentration data in the viscera
of mullet (Neomvxus chapialiiy coliected at Nam (B-1)
[sland, Bikini Atoll. between 1964 and 1977 10 assess the
combined effect of physical decay and removal by
lagoon processes. The vaiue of the siope from a least
square fit of the natural log (ln) of the respective
concentration with time uin vears). vielded effective half
lives for '*'Cs. ®Co. and *""Bi of 4.1=0.5. 3.0%0.4, and
6.3x1.7 y, respectively. The values tor ®Co and >°’Bi
are in generally good agreement with the values deter-
mined at Enewetak and tend to indicate that. over the
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time period. the decline of these radionuclides within the
lagoons was more rapid than radioactive decay alone.

Effective half-life of '*’Cs, **Co, and 2*’Bi using
concentration data in flesh of reef species
The data in the Appendices were treated in several
manners. Only measurable radionuclide concentrations
with less than 100% counting error for mullet. convict
sreconfish, and goatfish were considered. No error was
quoted for the measurements associated with the 1964
collections (Welander et al. 1967). A 10% error was
arbitrarily assigned to each rq’poned concentration. Fall-
out background levels of '*’Cs were estimated in the
flesh from values in species from other Northern Mar-
shall Atolls (Noshkin et al. 1987), concentration factors,
and equatorial water concentrations determined over
time. These values ranged from 0.3 t0 0.9 Bq kg~ ' and
varied with the species over time of collection. All '*’Cs
data were corrected before plotting the results to estimate
the effective decay constants. When sufficient measure-
ments of a radionuclide were available for fish from one
island. the data were plotted on a semilog graph (using a
spreadsheet program). essentially in the manner used by
Schell (1987), to determine the decay constant using a
lcast square fitting (LSF) procedure. All applicable data

points from the collections made between 1964 and 1995
were used to generate the curves. An examgle 1s shown
in Noshkin and Robison (1997) where the '*’Cs levels in
the flesh of convict surgeonfish from North Runit Island.
Enewetak Atoll. are plotted against the date of collection.
A least square fit to the data vields a slope (A) with a
value of 0.104+0.012 y~'. The error term is the uncer-
ainty in the estimation of the slope. The computed
effective decay constant (A) consists of a physical (A,)
and environmental (ecological = A,) decav constant. The
effective and ecological half-lives (,,. 1,,.) can be
computed. The latter half-life requires use of the physical
half-lives for the radionuclides that were provided in a
previous section and given again in Table 4. This
procedure was followed at several other islands where
there was sufficient long term data for a specific radio-
nuclide. The computer generated results are shown in
Table 4.

There were clearly differences in radionuclide con-
centration measured in the same species collected from
different pants of the Atolls during any one period and
over time. It was therefore impossible 1o construct a
single plot. for example. to show all '*’Cs concentrations
in surgeonfish at Enewetak over time. It was, however,
possible to normalize concentrations to a value in the

Table 4. Effective and ecological decay constants and ktalf-lives of '*’Cs, ®Co and 2%'Bi determined from
concentrations in flesh of fish from locations within Enewetak and Bikini Atolls. The error is the uncertainty in the
estimation of the value for the constants.

Data Radiologica:
Location Data used  poinis lsotope  half-life 1y . Ay™'r L2 () Ae(y™hy L 1Y)

Enewetak Atoll
E-24 Surgeonfish 13 137Cs 30.00 0.104 = 0012 6707 0081 *0012 86=13
E-10 Surgeonfish 9 $37Cs 30.00 0063 0011 11.0*x19 0.040 =0.011 173 =48
E-2 Surgeonfish 4 17Cs 30.00 0044 x 0024 15886 0021 £0024 33 =38
E-2.-10.-24 Surgeonfish 265 7Cs 30.00 0.069 = 0010 100=14 00460010 151=33
All locations All reef fish . 58 '¥'Cs 30.00 0060 = 0010 11619 0037=0010 187=5.1
E-24 Surgeonfish 7 “Co 5.26 0.195 = 0.022 3604 00620022 112=40
E-24 Goatfish 6 “Co 5.26 0.147 = 0.067 4721 0015 =0067 16 = 205
E-10 Goatfish 6 *Co 5.26 0.143 = 0.027 4809 0011 20027 63 = 155
E-2 Surgeonfish 4 *Co 5.26 01900010 36=%=02 0058 =0010 120=21
All locations All reef fish 58¢ *Co 5.26 0.173 = 0.024 40x06 0041 =0.024 17=10
E-24 Goatfish 7 07B; 32.20 00930018 74=x)4 007 =008 98=25
E-10 Goatfish 8 0784 3220 0208 20068 33=x1.1 01860068 37=14
All locations Goatfish 26¢ 207B§ 3220 0136 20025 51*09 0113=0025 61=13
Bikini Atoll
B-1 Surgeonfish 5 "Cs 30.00 0103 20047 6731 008020047 87=51
B-S Surgeontish 4 ¢ 30.00 0.064 = 0017 156 =41 0.041 = 0017 1727
B-6 Surgeonfish 4 37Cs 30.00 0034 20024 20=14 0011 20024 >60
All locations Surgeonfish 160 ¥Cs 30.00 0073 =002 935229 0050 = 0022 1426
B-1 All reef fish 24 MG 30.00 0097 0023 7.1 =17 007420023 94=29
B-} All reef fish 114 1¥7Cs 30.00 0126 =00 55=15 0103=0034 67=22
All locavons All reef fish 544 ¢ 30.00 0079 = 0015 88=17 0056 =0015 124=33
B-1 All reef fish 20¢ *'Co 5.26 0.151 = 0.02° 46 08 0019 = 0.027 36 = 5t
B-1 All reet fish 12¢5 ®Co 5.26 0.230 = .03y 30205 0098 = 0039 71=z28
All location< All reet fish 53 Co 5.26 0.131 = u0I? 5305 0000=0.013 >33
B-1 Goatfish 4 7B, 32.20 0.025 = 0.009 210 0.003 = 0.009 >38
All locations Goatfish 1] 207B; 32.20 0.023 = 1.009 30= 12 0.001 = 0.009 >T

* Effective decay constant and half-life.

" Ecological decav constant and half-life.

¢ Data normaiized to 8/83.

¢ Data normaiized to 7/78.

¢ Only dala petween 1964 and 1978 used for companson with vz .2s generatea using fish viscera samples (Schell 1987).

]
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same spectes from an island measured on a common
collection date. Relative concentrations could then be
plotted against ume using measurements in all reef
species from one island or for all species from the entire
Atoll. At Enewetak. a number of measurements for the 3
species from islands E-2. E-10. and E-24 were made in
August 1983. At Bikini. common collections were made
at B-1. B-5. B-6. B-12, and B-17 on November 1978. For
example. consider the data entries for *’Co in fish from
island B-1. abstracted from the Appendix. shown in
Table 5. Concentration measured in fiesh of the different
fish during the November 1978 cotlecuons are shown in
bold type. Goatfish data from all collecuons was divided
by 6.70 Bq kg™ to generate the set of relative concen-
tration values shown in column 6 of Table 5. Likewise,
the Mullet-C (Crenimugil crenilabisi. Mullet-N (Neo-
myxus chaptalii). and Surgeonfish (Acanthurus trioste-
gus) measurements were divided bv the respective con-
centration (shown in bold tvpe: determned in the species
collected in November 1978. The normalized values are
shown in column 6. and column 7 contains the standard
deviation computed for the ratio. This procedure was
followed with the fish data from other islands. At
Enewetak concentrations were normaiized to the values
from the August 1983 collections. The relative concen-
tration ratios were transferred to semilog plots and a LSF
procedure was applied to the data sets to assess the
effective decay constants () and the uncertainty in the
estimated value of the constant. Plots for relative (nor-
malized) concentrations of *’Cs in all reef fish from’
Bikini and Enewetak over time are shown in Figs. | and
2. A best fit to the results vields the trend line shown in
the figures and the computed effective decay constants.
Regression lines from a best fit to the normalized *°Co
data in reef fish from the two Atolls are shown in Fig. 3.
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Fig. 1. Relative concentration of '*’Cs in flesh of reef fish from
Enewetak Atoll as a function of collection time. Concentration
data are normalized to values in fish from August 1983 collections.
Ervor bars represent the standard deviation computed for each ratio
from the | o error terms in Appendix A.

Fig. 4 shows the relative change for *”'Bi in goatfish (the
only reef species with consistently detected concentra-
tions in the flesh) from Enewetak. The computed decay
constants and the respective half-lives from these analy-
ses and others (not shown with accompanying figures in
this report to conserve space) along with calculated
uncertainties are summarized in Table 4. Values for
correlation coefficients (R”) of the different regression
equations ranged from 0.5 to 0.9 showing moderate to
strong correlation among the results.

The effective decay constants were also computed
using fish data from 1964 to 1978 at Nam Island to
determine if the flesh concentrations provided compara-

Table 5. Data from Appendix B for *'Co concentration in flesh of reef fish from island B-1. Bikini Atoll.

Concentration
Error as % normalized to = Error
Common Coliecuon Concentration of measured amount measured n relative
Island name date Bq kg™ wet concentration in 11778 ratio
B-1 Goatfish May-70 101.39 3 478 0.15
B-1 Goatfish Nov-78 21.19* 1 1.00 0.01
B-1 Goatfish Aug-83 6.70 4 0.32 0.01
B-! Goatfish Dec-92 6.13 10 0.29 0.03
B-1 Multet-C Jul-76 12.33 7 0.37 0.03
B-1 Muliet-C Jan-77 11.24 2 034 0.01
B-t Mullet-C Nov-78 33.21 1 1.00 0.01
B-1 Muliet-C Feb-1 8.22 3 0.25 0.01
B-1 Mullet-C Aupg-%3 253 26 0.08 0.02
B-1 Mullet-N Aug-64 798.52 10 50.19 3.4
B-1 Mullet-N Jul-TA 15.68 6 0.99 0.06
B-1 Muilet-N Jan-=~ 18.80 3 1.18 0.04
B-1 Mullet-N Oc-"~ 13.12 7 0.82 0.06
B-1 Mullet-N Nov. "= 15.91* 1 1.00 0.0t
B-1 Mullet-N Dec-yZ 6.48 13 0.41 0.05
B-! Surgeonfish Aug-nsd 67.63 10 7.84 0.79
B-1 Surgeonfish Nov-7& 8.63" 1 1.00 0.01
B-1 Surgeonfish Aug-rd 1.24 6 0.14 0.01
B-1 Surgeonfisf Aug-x> 1.64 7 0.19 0.0!
B-1 Surgeontfish Dec-v2 1.87 20 0.22 0.04

* November 1978 data 1n boid isee text:
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Fig. 2. Relative concentration of '*’Cs in flesh of reef fish from
Bikin: Atoll as a function of collection time. Concentration data is
normalized to values in fish from November 1978 collections.
Error bars represent the standard deviation computed for each ratio
trom the 1 o error terms in Appendix B.
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Fig. 3. Relative concentrations of ®Co in flesh of reef fish from
noth Enewetak and Bikini as a function of collection tme.
Recression lines showing best fit to change in concentration with
2 at each Atoll are shown. Error bars represent the standard
deviation computed for each ratio from the | o error terms in
Arpendices A and B.

ble decay constants to the values derived from viscera
samples by Schell (1987) in his analy51s These values
are identified in Table 4 for '*’Cs and *°Co.
Surgeonfish were the best indicator species for
*"Cs. Results at Enewetak in Table 4 indicate that the
effective rate for '*’Cs removal might be more rapid at
Runit (E-24). located on the eastern nm of the Atoll. than
=t 1slands E-2 and E-10 in the northwest part of the Atoll.
One could argue that the physical form of material with
~ound '*’Cs is different over areas of the lagoon and
release of the radionuclide occurs at different rates over
ume. However. the 3 values are within 2 sigma of the
mean A (0.069x0.010) computed from the normalized
surgeonfish measurements from the three islands. This
later value was equivalent to the effective decay constant
using the normalized data from the 58 measurements in
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Fig. 4. Relative concentration of **’Bi in flesh of reef fish from
Enewetak Atoll as a funcuon of collection ame. Error bars

represent the standard deviation computed for each ratio from the
| o error terms in Appendix A.

reef fish from all locauons. The best esumate for the
effective half-life of '*"Cs in the lagoon at Enewetak is
therefore about 122 v. The ecological half-life is 19£5
y. Subtle differences that may be related to geography
and/or test location are masked by the error derived from
the analysis.

At Bikini the surgeonfish resuits also tended to show
a geographical dependence on the computed effective
half-live from island B-1 in the northwest to B-6 on the
eastern rim of the Atoll. As with Enewetak. all 3 values
are within 2 sigma of the mean computed from surgeon-
fish at all lagoon locations. The error term again masks
any difference with might be attributed to geography.
The effecuve half-life using muscle data from all fish
collected at Nam (B-1) prior to 1978 was 5.5% 1.5 y. This
is in good agreement with the value of 4.1=0.5 found by
Schell (1987) using data for mullet viscera. A somewhat -
longer effective half-life (7.1=1.7) results when all data
are used to generate the effective decay constant. The
difference between the computed half lives could indi-
cate the rate of '*’Cs release from the environmental
sedimentary components has diminished since 1978.
This value is also in good agreement with the half-life of
9+2 y computed from the 54 data points for all reef fish
from all lagoon locations. Although it is inferred from the
results. it would be difficult to argue strongly (because of
the uncertainty) that there is a difference in the effective
and ecological half-lives of '*"Cs between islands or the
Atolls of Bikini and Enewetak. An effective half live of
from 9 to 12 y indicates '*'Cs is removed from the
lagoon by processes that exceed the rate of radiological
decay alone.

Results from different species generate similar ef-
fective half lives. For example. there is good agreement
seen in the computed vaiues for “’Co in Table 4 derived
from Surgeonfish and Goatfish from islands at Enewetak.
l\nalvses of the reef fish data from B-1 sampled prior to
1978 gave an effective half life for ®Co of 3.0=0.5 v.
This value is in good agreement with the value of
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3.0=0.4 v determined from the viscera samples by Schell
(1987). However. a much different effective half life
results when the entire data set of 53 measurements from
1964 to 1994 from the entire lagoon is used 10 generate
the decay constant. The computed effective half-life of
5.3x0.5 y from this analysis is no different than the
radiological half life. Over the long term the loss of *’Co
from Bikini lagoon occurs principally by radiocactive
decayv or the rate of release from the environmental
components diminished after 1978. At Enewetak the
effective half life from the analysis of 58 data points
using a regression analysis is 4.0%£0.6 y. This half life is
similar in value 10 one determined by Nelson and
Noshkin (1973) comparing viscera data from fish caught
in 1964 and 1972. but on the other hand it cannot be
argued to be signinicantly different from the value of the
radiological half-life (5.26 y). There may be a somewhat
faster rate of depletion at Enewetak, but the true value is
again masked by the errors generated from the analysis.
At best. the effective half life from the majority of results
indicates a value of 4 to 5.2 y at both atolls.

The behavior of **Bi is different at the 2 Atolis. In
26 samples of goatish from Enewetak lagoon the best fit
to all data yielded an effective half-life of 5.1=0.9 y.
This value is in agreement with the Nelson and Noshkin
(1973) result of 5.0=3.0. This removal half-time from all
goatfish results i~ clearly faster than the radiological
half-life of 32.2 v. At Bikini there was substantially less
usable data. However, the LSF for the 11 samples
generated an effective half-life of 30+12 y. which is
equivalent to the radiological half-life. Too little data
were available at B-1 prior to 1978 to compare with the
Schell (1987) viscera result. Because of the large error
associated with the effective half-life, any definitive
conclusions regarding *°’Bi at Bikini are not clear cut. It
suggests that any significant loss of 2°’Bi from the
lagoon environment is probably only by radioactive
decay. If true. the radionuclide must be in a chemical or
physical form verv different from that associated with
sediments source terms in Enewetak lagoon.

CONCLUSIONS

A vanety of different radionuclides was found
accumulated in all species of fish from Bikini and
Enewetak lagoons. Over the years many of the radionu-
clides have diminished by radioactive decay and by
natural processes. Fish collected in the 1980's and 1990's
show only low concentrations of a few remaining long-
lived radionuclides in flesh and other tissues. The data
generated from the marine studies show that the radio-
logical dose from manmade radionuclides in the marine
food chain contnbute less than 0.1% of the towal 30-y
integral dose equivaient at both Atolls (Robison 1973;
Robison et al. 1987: Robison et al. 1997): The ingestion
dose was denved onincipally from 3 gamma-emitting
radionuclides. '*"Cs. ®Co and 2%'Bi: the transuranic
radionuclides “**"""*py and **'Am: and *™Sr. The
largest contributor 10 the total manine dose was from
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'*7Cs accumulated in the edible flesh. The transuranic
radionuclides and “Sr contributed littie to the total dose
from ingestion of marine foods. Our collection program
was phased out in 1985. but fish samples were again
collected in the 1990’s to verify the results of the original
assessment and to determine what. if any. changes
occurred in the concentrations of gamma emitting radio-
nuclides in edible muscle tissue. Resources only permit-
ted analysis of muscle tissue in these samples after
dissections. Of the gamma emitting radionuclides gener-
ated by the nuclear tests. only ®Co. '3’Cs and 2°'Bi
remain above detection limits by gamma spectrometry in
flesh of some but not all fish.

These new data and the results from our earlier
studies and work by others provide a large. valuable and
unique data base for radionuclides in the flesh of differ-
ent fish that span 31 y. from 1964 to 1995. Some reef fish
can be used as indicator species because their body
burden is derived from feeding. over a lifetime. within a
relatively small area containing the contamination. The
change in body concentration over time is related to the
local diagenic processes that are responsible for the
release and recycling of the radionuclides. The change in
concentrations observed in several non-migratory reef
species is used to_describe the effective half lives for

Co. '¥’Cs. and *°’Bi in the lagoon environments during
the 31-y period between 1964 and 1995. This half life
consists of a physical decay term and a recycling or
environmental decay term. This latter term is related to
the processes which control the removal and transport of
a radionuclide from the environment. Sufficient measure-
ments for '*’Cs, ®Co and *°’Bi were available for some
reef species of fish repeatedly sampled from specific
locations at Bikini and Enewetak to determine an effec-
tive environmental decay constant from a least square
analysis (LSF) of the data.

The results of the analvsis indicate the removal rates
for the 3 radionuclides are significantly different. '*’Cs is
removed from the marine environments of Bikini and
Enewetak with an effective half life of 9-12 y that is
significantly less than the radiological half life. The
natural processes acting on '*’Cs in the environment will
reduce any radiological exposure from ingestion of
marine foods. Every 9-12 v the inventory of '*’Cs in the
sedimentary reservoirs is reduced in half and radiological
decay accounts for about 21% of the loss. The rematning
29% was remobilized from the environment to the water
column in a dissolved state over the 9-12-y period.
Within the lagoon. excess dissolved '*’Cs has been
measured in water samples taken on our sampling pro-
zrams from all areas of both atolls for many years (see.
‘or example. Noshkin and Robison 1997: this volume).
The lagoon water mass containing the '*’Cs is continu-
ously transported over the reef or through the passes and
2ventually exits the atoll and mixes with the north
2quatornial Pacific water mass.

Some slight difference could be assigned to the
astimated effective half-life tor ®/Co at Enewetak and
Bikini. However. it would appear that most of the
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radionuclide is lost from both environments by radioac-
tive decay. Liule enters the water column from the
«ediments as a dissolved species. Most ®’Co accumulated
by fishes must be derived from food and sedimentary
phnicles passing tnrough the gut rather than direct uptake
trom water.
The results rrom the analysis of the **’Bi in the
mdicator fish species suggest a difference in behavior at
e two Atolls. At Enewetak the radionuclide i1s lost trom
- environment with an etfective half life of 5.1 v. The
adionuclide is mobilized from the sedimentary reservoir
. a rate similar to '*’Cs and is then diluted with ocean
water and is eventually transported from the Atoll. On
the other hand. oniy radioactive decay may account for
the rate at which the radionuclide is disappearing from
Bikini lagoon. Again most body burdens of **’Bi in fish
from Bikini must be derived from material passing
through the gut rather than from the water. The different
behavior of °’Bi at the Atolis must be controlled by
different chemical-physical properties of the contami-
nated particles retaining the radionuclide.

\cknowledgments—Tre collecuon of samples and publication of the data
n this repont were mace possible through the efforts of a group of people
iv0 numerous to list. They inciude the crews on several Marshall 1slands
research vessels and 2 number of individuals associated with Lawrence
Livermore National Laborators who assisted in the field coilections and
sample processing over 3 decades. Work performed under the auspices of
the U.S. Depantiment ¢ Energy at Lawrence Livermore National Labora-
tory under contract W-7305-Eng—3.

REFERENCES

Held. E. E. Radiological resurvev of animals. soils and ground-
water at Bikini Atoll. 1969-70. Las Vegas. NV: U.S.
Atomic Energy Commission. Nevada Operations Office;
Report NVO-269-8 Rev. 1: 1971.

Hiatt. R. W.: Strasourg. D. W. Ecological relationships of the
fish fauna on coral reets ot the Marshall Islands. Ecol.
Monogr. 30:63-127: 1960.

Karthunen, J. O. Cesium-137 in various Chicago foods. New
York: Environmental Measurements Laboratory Report;
EML-413; III-3. 1982.

Lowman, F. G.; Pz2iumbo. R. F. Occurrence of bismuth-207 at
Enewetak Atoil. Nature 193:796-797: 1962.

Lynch. O, D. T.: McCraw. T. F.: Nelson. V. A.: Moore. W. E.
Radiological resurvey of food soil. air and groundwater at
Bikini Atoll. 1972, Washington, DC: U.S. Energy Research
and Development Admunistration: Report ERDA-34: 1975.

McMurty, G. M.: Schneider. R. C.. Colin. P. L: Buddemeier. R.
W.: Suchanek. T. H. Redistribution of fallout radionuclides
in Enewetak Atoll lagoon sediments by callianarsod biotur-
bation. Nature 13:674-677: 1985.

Nelson. V. A. Radiological survey of plants. animals and sil at
Christmas Islands and seven atolls in the Marshall Islands.
Seattle, WA: Laboraton of Radiation Ecology. College of
Fisheries. University of Washington: Report NVO-269-32:
1977.

Nelson. V. A.: Nosnkin. V. E. Marine program. In: Enewetak
radiological sunvey. Las Vegas: U.S. Atomic Energy Com-
mission. Nevaca Operauons Office; NVO-140. Vol. 1
1973.

Noshkin. V. E.: Wong. K. M.: Eagle. R. ).. Gawousis. C.
Transuranics at Paific Atolls. I. Concentrauon in the waters
at Enewetak and Bikini. Livermore. CA: Lawrence Liver-
more National Laboratory: UCRL-51612: 1974.

Noshkin. V. E.: Wong. K. M.; Eagle. R. J.. Gawousis. C.
Transuranics and other radionuclides in Bikini Lagoon:
Concentration data retrieved from aged corai sections.
Limnol. Oceano. 20:729-742; 1975.

Noshkin. V. Transuranium radionuclides in components of the
Benthic environment of Enewetak Atoll. In: Hanson. W. C..
ed. Transuranic elements in the environment. Technical
Information Center. Springfield. VA DOE/TIC 22800:
1980: 578-601.

Noshkin. V. E.: Wong. K. M. Plutonium mobilizauon for
sedimentary sources to solution in the marine environment.
In: Manne radioecology. Paris: NEA/OECD: 1980: 165-
178.

Noshkin. V. E.: Eagle. R. J.: Wong, K. M.: Jokela. T. A.
Transuranic concentrations in reef and pelagic fish from the
Marshall Islands. In: Impacts of radionuclide releases into
the manine environment. Vienna, Austria: International
Atomic Energy Agency: IAEA-SM-248/146: 1981a: 293-
317.

Noshkin. V. E.: Wong. K. M. Eagle. R. J.: Angiin. D. L.
Detection of cadmium radioactivity in the marine environ-
ment. In: Impacts of radionuclide releases into the marine
environment. Vienna. Austria: International Atomic Energy
Agency: IAEA-SM-248/152: 1981b: 685-694.

Noshkin. V. E.: Wong, K. M.; Eagle. R. J.. Robison. W. L.
Comparative concentrations of 2’Cs, *Sr. **¥*¥py_and
2'Am in tissues of fish from the Marshall Islands and
calculated dose commitments from their consumption. In:
Pinder II1. J. E.: Alberts, J. J.: McLeod. K. W.: Schreckhise.
R. G.. eds. Environmental research on actinide elements.
Washington. DC: U.S. Department of Energy: CONF-
841142: 1987: 391-427.

Noshkin. V. E.: Wong, K. M.: Eagle, R. J.: Jokela. T. A.:
Brunk. J. L. Radionuclide concentrations in fish and inver-
tebrates from Bikini Atoll. Livermore. CA: Lawrence Liv-
ermore National Laboratory: Report UCRL-53846: 1988.

Noshkin. V. E.. Robison. W. L. Assessment of a radioactive
waste disposal site at Enewetak Atoll. Health Phys. 73:234-
247: 1997.

Robison. W. L. Dose estimates for the manine food chain. In:
Enewetak radiological survey. Las Vegas: U.S. Atomic
Energy Commission. Nevada Operations Office: NVO-140,
Vol. 1: 1973: 526-541.

Robison. W. L.: Conrado. C. L. Phillips. W. A. Enjebi Island
dose assessment. Livermore. CA: Lawrence Livermore
National Laboratory: Report UCRL-53805: 1987.

Robison. W. L.: Bogen. K. T.: Conrado. C. L. An updated dose
assessment for a U.S. Nuclear Test Site-Bikini Atoli. Health
Phys. 73:100-114: 1997.

Schell. W. R. Biogeochemical cveling of radionuclides in the
reef ecosystem at Bikini Atoll. In: Proceedings of a Seminar
on The cyching of long-lived Radionuclides in the Bio-
sphere: Observauons and Models. Madrnid, Spain: Centro de
Investigaciones Energeticas. Medioambientales + Tecno-
logicas: 25 pp. 1987.

Schell. W. R.: Nevissi. AL Mevers. J. M. Biogeochemistry of
transuranic elements in Bikini Atoll lagoon. Seanle. WA:
College of Fisheries. University of Washington: Repon
RLO-2225-T18-22: 1978.

Schell. W. R.: Lowman. F. G.. Marshall. R. P. Geocnemustry of
transuranic eiements at Bikini Atoll. In: Hanson. W. C.. ed.




60 Health Physics July 1997. Volume 72. Number |

Transuranic elements in the environment. Technical Infor- Laboratory of Radiation Biology. University of Washing-
mauon Center. Springfield. VA DOE/TIC2280: 1980: 541- ton: Report UWFL-93: 1967.
577. , Welander. A. D. Distribution of radionuclides in the environ-
Spies. R. B.: Marsh. K. V.. Kercher. J. R. Dvnamics of ment of Enewetak and Bikini Atolls. In: Nelson. D. J; 5
radionuclide exchange in the calcareous algae nalimeda at Evans. F. C.. eds. Symposium on radioecology. Washing- ]
Enewetak Atoll. Limnol. Oceanogr. 16:74-78. 1981. ton. DC: U.S. Atomic Energy Commission: Report CONF- %
Welander. A. D.: Bonham. K.: Palumbo. R. F: Gessel. S. E.. 670503: 1969: 346-354. )
Jackson. F. G.: McClin. R.: Lewis. G. B. Bikini-Enewetak i
studies. 1964. Part [1. Radiobiological studies. Szattle. WA: rE
£
APPENDIX A h
Table A1. Concentration of '*’Cs. ®’Co. and *°"Bi in flesh (muscle) of fish caught between 1964 and 1995 from islands
of Enewetak Atoll.
Fish common Collecuon Island Number of Bg kg™’ Bg kg™ < Bq kg™’ % t
Sample ID* name date  locator fish/sample wet '*’Cs % emor®  wet ®Co  error®  wet *YBi  emor i
E- ?
(or Butterflyfish  Aug-64 2 3 139 105.9 1
(M Damseifish  Aug-63 210 15.5 0.1 ¢
9109 Goatfish Nov-78 2 22 1.5 4 64 2 12.3 2 ;
2509 Goatfish Aug-83 22 2.0 6 40 3 26.5 2 !
il Grouper Aug-64 2 ! 1.4 11.4 15.5 .
th Grouper Aug-64 2 | 8.1 326 17.9 )
(2 Muliet-C Nov-72 2 t 5.1 14 30.1 s 11 38 :
2610 Mullet-C Apr-76 2 4 7.8 2 89 2 0.4 7 .
2586 Mullet-C Aug-83 2y 3.0 6 48 3 0.1 >100 $
£552 Mullet-C Aug-83 2 [ 59 2 40 3 0.2 26 ;
9103 Mullet-N Nov-78 2 17 25 4 9.0 2 0.2 18 .
(1)) Snapper Aug-64 2 | 27.7 513 26.9 .
(1)) Squirrelfish  Aug-64 2 3 9.0 236 6.9
h Surgeonfish  Aug-64 2 1 18.7 432
5286 Surgeonfish  May-76 2 52 8.1 2 6.4 2 04 11
9115 Surgeonfish  Nov-78 2 22 6.7 3 30 6 0.1 >100 H
2529 Surgeonfish  Aug-83 216 9.6 2 11 7 0.1 30 {
N Triggerfish  Aug-64 2 3 2037 212 :
2822 Ulua Aug-83 2 6.2 4 21 B 1.4 2 4
1)) Wrasse Aug-64 2 6 75.0 3
(hH Grouper Aug-64 s 9 47 30.1 8.1 {
h Grouper Aug-64 5 2 212 36.7 H
(£} Mullet-N Aug-64 5 2 171.1 d
(h Parrotfish Aug-64 S 2 17.9 6.3 L
) Surgeonfish  Aug-64 S 3 375
th Surgeonfish  Aug-64 S N 130.4 2119
() Tnggertish Aug-64 s ! 5.0
msa394 Goatfish Jul-81i 9 34 1.7 5 10.3 2 49.0 |
(2) Mullet Nov-72 9 ] 350 5 163.0 3 16 45
5302 Mullet-C Mar-78 9 16 7.8 2 1.3 s 0.1 >100
msa677 Mullet-C Jul-81 9 62 3.1 7 272 1 0.1 >100
(2) Snapper Nov-72 9 4 17.1 8 89.6 8 1 >100 '
msa$48 Surgeonfish  Jul-81 9 2 15.3 2 24 5 0.1 >100
j286 Bonito Sep-84 10 1 6.8 4 99 3 4.5 5
2417 Flagtail Feb-94 10 1 1.8 44 2 >100 1 >100
7385 Goatfish Nov-78 10 26 1.4 11 132 2 2419 2
g637 Goatfish Aug-83 10 27 1.9 13 140 2 524.5 2
H24 Goatfish Sep-84 10 18 0.8 13 45 3 75.0 1
H28 Goatfish Sep-84 10 17 1.1 30 8.0 < 437.2 2
2420 Goatfish Nov-93 10 3 0.3 >100 | >100 8.2 4
2409 Goatfish Feb-94 10 5 1.5 21 1.7 13 109.9 6
2838 Goatfish Feb-94 10 16 0.2 >100 1.8 29 495.4 1
2861 Goatfish Nov-94 10 - 0.9 >100 ! > 100 29.2 1
2846 Goatfish May-93 14 N ! >100 2 >100 5.6 38
il Grouper Aug-64 10 N 7.2
1 Grouper Aug-64 10 . 293
2809 Grouper Aug-83 10 0N 21 5 8 11 15.2 1
th Jack Aug-64 10 i 10.6 370 489
th Mullet-C Aug-64 10 N 25.3 634
(2 Mullet-C Nov-72 10 2 1.1 23 36 9 04 60
2621 Mullet-C Aug-83 10 5 1.5 4 10 3 0.0 >100
2633 Mullet-N Apr-76 10 09 6 Z4 R 0.2 14
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Fish common Collecuon Island Number o¢ Bq kg™’ Bg kg™' % Bq kg ! %
Sampie ID* name date  locator fish/samrie wet 'V'Cs G emror®  wet ®'Co  emor®  wet 'Bi  error®
E-

9266 . Mullet-N Jan-77 16 30 0.5 6 40 ] 0.5 3
g6~ Muliet-N Aug-83 HE M 0.3 18 “03 15 0.0 >100
2410 Papio Feb-94 10 3 0.9 >100 1 >100 9.0 3
h Parrotfish Aug-64 10 1 97.8 13.0 10.6
) Parrotfish Nov-72 i0 I 8.0 9 2 >100 0.6 >100
5312 Parrotfish Nov-78 XA I 6.9 3 0 >100 0.1 >100
msaj-44 Snapper Sep-80 10 1 1.9 15 6.3 8 31.2 |
g813 Snapper Aug-83 1G 4 1.1 17 1.5 1t 12.0 2
g81¢ Snapper Aug-83 i0 4 25 40 3 387 1
th Surgeonfish  Aug-64 10 1 122 5.8

H Surgeonfish  Aug-64 10 5 20.4

737 Surgeonfish  Nov-78 10 54 5.1 2 04 8 0.1 >100

32 Surgeonfish  Aug-83 10 31 5.0 3 0 >100 0.1 >100

2421 Surgeonfish  Nov-93 10 B 21 28 2 >100 I >100
z411 Surgeonfish  Feb-94 10 10 43 9 1 >100 0.6 >100
2837 Surgeonfish  Feb-94 10 12 1.2 63 | >100 1 >100
2865 Surgeonfish  Nov-94 10 58 22 28 2 >100 ] >100
7863 Surgeonfish  May-95 16 24 28 i3 | >100 0.5 >100
(h Trggerfish  Aug-64 0 2 310
g811 Trggerfish  Aug-83 10 i 05 30 9.0 2 125 2
j289 Ulua Sep-84 1n 2 7.0 2 0.8 6 is 2
msaj38 Bonito Sep-80 19 i 23 7 5.1 3 69 3
msay3 Mullet-C Sep-80 19 5 0.8 20 1) 2] 0.1 >100
msay2 Mullet-C Sep-80 19 35 3.5 4 32 4 0.1 >100
2641 Muilet-N Apr-76 19 29 04 8 1.3 4
9260 Mullet-N Jun-77 19 58 03 5 1.0 3 0.2 6
5270 Surgeonfish  May-76 19 28 ocean 4.0 20 0.8 8 0.0 >100
5278 Surgeonfish ~ May-76 19 40 ocean 23 4 0.9 9 0.0 >100
7278 Surgeonfish  Nov-78 19 46 9.2 1 1.0 8 0.0 >100
077 Surgeonfish  Nov-93 19 11 1.0 40 1 >100 09 >100
2078 Goatfish Nov-93 20 7 -2 >100 2 >100 4 >100
(2) Mullet Nov-72 20 1 1 >100 1.5 0 0.7 >100

2 Parrotfish Nov-72 20 1 34 17 2 >100 02 >100

2 Snapper Nov-72 20 2 26 28 2 >100 0.7 >100
2) Snapper Nov-72 20 I 1.1 21 0 >100 1.0 25
(W} Snapper Nov-72 20 4 } >100 1 >100 1 >100

) Ulua Nov-72 20 1 20 21 0 >100 20 26
£820 Barracuda Aug-83 24 1 1.6 13 08 14 7.1 2
2852 Flagtail Nov-94 24 9 1.1 31 1 >100 08 >100
(1 Goatfish Aug-64 24 S 264.1 102.2

msald Goatfish Sep-80 24 42 0.6 4 0.3 ! 12.6 2
msa30 Goatfish Sep-80 z: 42 1.4 2 5.7 ! 25.0 1
msa692 Goatfish Jul-81 24 M 2.0 7 226 2 19.9 8
088 Goatfish Nov-93 e 16 1 >100 14.4 2
2834 Goatfish Nov-93 24 15 0.3 63 6.0 10 9.1 3
7848 Goatfish Nov-94 24 29 ! >100 24 21 6.6 7
z850 Goatfish May-95 23 57 I >100 1.2 32 37 9
2867 Goatfish May-95 23 18 0 >100 2 >100 36 11
(2 Grouper Nov-72 24 1 2.8 27 6.3 16 213 4
(1 Halfbeak Aug-64 24 10 67.3
9165 Mullet-C Nov-78 24 22 1.0 2 5.5 2 0.0 32
msadd Mullet-C Sep-80 2 14 1.1 3 1.5 2 0.0 27
msa36 Mullet-C Sep-80 24 30 0.3 5 0.8 5 0.0 34
g647 Mullet-C Aug-83 23 33 1.1 5 09 6 0.0 >100
2862 Mullet-C May-95 22 6 0.0 >100 1 >100 0.6 >100
2618 Mullet-N Apr-76 23 22 0.8 2 6.6 2 0.5 I
msa6b Mutlet-N Sep-80 24 29 0.6 4 0.7 23 0.0 80
msa74 Mullet-N Sep-80 24 29 0.3 8 0.7 6 0.0 25
msad67 Mullet-N Jul-81 22 21 0.5 12 23 3 0.0 >100
msa’d34 Mullet-N Jun-82 24 16 0.7 20 2.2 7 0.1 >100
g6e2 Mullet-N Aug-83 RER 7 18 15 10 0.1 >100
2214 Muliet-N Feb-94 s N 1.4 64 1.7 23 1 >100
z336 Mullet-N Feb-94 e 17 1.6 49 2 >100
2366 Mullet-N Mav-95 2z 35 1 >100 2 >100 ] >100
msa62 Parrotfish Noy-72 e 2 4.2 61 1 >100 0.5 >100
2 Parrotfish Sep-80 24 2 2.6 3 0.6 5 0.1 . 24
7357 Parrotfish Nov-94 s 6 5.6 4 1 >100 0.4 >100
msag2 Snapper Sep-80 e 1 1.8 3 10.3 2 9.7 2
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Fish common Collection Island Number of Bqkg™* Bq kg™’ % Bqkg™! %

Sample ID* name date  locator fish/sample wet'''Cy G emor  wet ®Co  emor®  wet Bi  error®
E-

msa83 Snapper Sep-80 24 1 49 1 37 1 7.1 2
2807 Snapper Aug-83 24 l 1.8 N 2.6 3 6.7 i
(h Surgeonfish  Aug-64 24 10 52.0 230
5294 Surgeonfish  May-76 24 28 ocean 1.6 N 22 6 0.0 >100
7377 Surgeonfish  Nov-78 4 10 s 2 04 8 0.0 >100
9171 Surgeonfish  Nov-78 24 51 14.4 2 23 3 0.0 >100
msass Surgeonfish  Sep-80 24 28 south 1.7 2 0.3 8 0.0 35
msas2 Surgeonfish ~ Sep-80 24 74 79 2 0.6 8 0.l 29
msabso Surgeonfish  Jul-81 24 50 97 2 1.0 10 0.1 >100
msa828 Surgeonfish  Jun-82 24 57 9.1 2 0.6 17 0.1 >100
g652 Surgeonfish  Aug-83 24 27 54 3 0.7 27 0.1 >100
z091 Surgeonfish  Nov-93 24 S 8.1 14 3 >100 2 >100
2412 Surgeonfish  Feb-94 24 8 47 [ 1 >100 0.6 >100
2835 Surgeonfish  Feb-94 24 42 45 6 | >100 0.5 >100
2849 Surgeonfish  Nov-94 24 62 1.7 33 ] >100 ] >100
2851 Surgeonfish  Nov-94 24 60 2 >100 1 >100
7843 Surgeonfish  May-95 24 46 1.8 35 2 >100 1 >100
z844 Surgeonfish  May-95 24 9 1.9 11 i >100 04 >100
2845 Surgeonfish  May-95 24 5 1 > 100 1.8 26 0.9 >100
(2) Tuna Nov-72 24 i 37 11 94 10 94 10
2) Tuna Nov-72 24 ] 24 21 6.8 10 74 9
2) Tuna Nov-72 24 1 1.3 33 32 14 20 17
2) Ulua Nov-72 24 2 39 22 111 9 28 33
9254 Goatfish Apr-76 33 58 03 16 6.9 2 293 t
2602 Mullet-C Apr-76 33 6 0.5 13 0.9 ] 0.1 13
) Parrotfish Nov-72 33 2 0.6 83 04 >100 03 >100
5232 Surgeonfish  May-76 33 52 0.8 13 04 35 0.0 >100
2) Snapper Nov-72 15 i 1.1 38 3.1 14 29 12
(2) Ulua Nov-72 35 1 46 15 10.2 10 78 7
(2) Grouper Nov-72 37 1 4.5 13 1 >100 17.8 5
(2) Grouper Nov-72 37 1 43 18 37 26 54 11
2625 Mullet-C Apr-76 37 8 0.2 28 04 11 0.1 23
) Parrotfish Nov-72 37 1 15.0 6 2 >100 06 >100
(2) Snapper Nov-72 37 1 09 >100 1 >100 0.6 >100
5239 Surgeonfish  May-76 37 37 0.5 9 0.1 32 0.1 >100
7176 Surgeonfish  Nov-78 37 8 1.8 1 0 >100 0.1 >100
2) Ulua Nov-72 37 1 3t 28 18.7 9 480 3
nH Grouper Aug-64 38 10 6.3 5.8
n Grouper Aug-64 38 1 6.6 12.8
j136 Muliet-C Sep-84 38 8 0.2 11 1.1 3 0.0 >100
(2) Snapper Nov-72 38 1 26 33 5.6 16 16.2 5
(1) Surgeonfish  Aug-64 38 10 11.9
5247 Surgeonfish  May-76 38 40 1.0 7 1.8 5 04 & )
(2) Parrotfish Nov-72 39 1 03 25 2 >100 09 > 100 H
h Goatfish Aug-64 FER 68.9 64.6 {
) Grouper  Aug-64 43 | 85.0 153 128 {
1) Grouper Aug-64 43 1 204 54.4
n Jack Aug-64 43 1 10.2 59.5 70
) Mullet-C Nov-72 43 2 1.0 17 94 18 05 >100 g
2594 Mullet-C Apr-76 43 11 2.8 4 9.0 4 09 3 ¢
(2) Parrotfish Nov-72 43 1 2.4 18 | >100 0.3 >100 }
msal32 Barracuda Sep-80 45 1 2.1 1 1.8 12 12.5 3
msal58 Mackerel Sep-80 45 | 24 9 43 6 1.8 10
g497 Mackerel Aug-83 45 7 1.7 5 1.9 4 1.2 s
j283 Mackerel Sep-84 45 2 1.5 17 0 >100 0.1 >100
msal2b Ulua Sep-80 45 1 8.2 ! 37 2 5.8 10
2503 Ulua Aug-83 45 ki 29 3 1.4 5 1.3 3
J290 Ulua Sep-84 45 2 2.1 8 1.1 10 3.0 4

“ Sampie ID used at Lawrence Livermore National Lab.

® No error was given for the 1964 data set. Elsewhere the | o counting error 1s expressed as the percent of the value histed.
(1) dawa rrom Welander et al. (1967).

¢ (2) data from Nelson and Noshkin (1973},

Notes:

2.579 10tal fish processed for 178 sampies between 1964 and 1995. All resuits reported on date of collection.

163 measurements for '*’Cs: 90% reponted above detection limits,

173 measurements for *'Co: 765 reported above detection limuts.

159 measurements for **’Bi: 57 reported above detection limits.
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APPENDIX B

Table 2A. Concentration of '*’Cs. ®'Co and *°"Bi in flesh (muscle) of fish caught between 1964 and 1994 from islands
of Bikini Atoll.

Fish
common Collecnon  Island  Numberof Bqkg™" Bqkg™' Bgkg™!
ID* name date locator  fishisample wet 'V'Cs % emor’  wet ¥'Co % error®  wet O'Bi % error®
B-
(2)*  Goatfish  May-7" ! 14 6.8 33 101.4 3 62.9 3
9121 Goatfish  Nov-72 ! 33 5.5 3 212 ! 50.4 2
g576 Goatfish  Aug-33 ! 11 6.0 6 6.7 4 36.0 4
2423 Goatfish  Dec-92 1 5 22 35 6.1 10 372 2
(4) Mullet-C  Jul-76 | 6 5.6 15 123 7
2896 Mullet-C  Jan-7° | 8 9.7 3 11.2 2 0.0 100
9133 Mullet-C  Nov-7% 1 12 14.7 1 33.2 1 0.1 21
a356 Mullet-C  Feb-81 1 14 84 3 8.2 3 0.0 100
g561 Mullet-C  Aug-83 1 11 44 2 25 26
z415 Mullet-C  Dec-92 1 1 1.7 58 3 100 2 100
2859 Mullet-C = Nov-9+ 1 8 24 28 2 100 10.4
(1)  Mullet-N  Aug-6+ 1 10 52.1 798.5
(4)  Mullet-N  Jul-76 1 6 5.1 13 15.7 6
a458 Mullet-N  Jan-77 1 14 8.6 3 18.8 3 0.0 100
(4)  Mullet-N Oct-77 1 10 6.5 13 13.1 7
9127 Mullet-N  Nov-72 1 18 7.3 2 159 1 0.0 100
z422 Mullet-N  Dec-92 1 4 27 34 6.5 13 1 100
2853 Mullet-N  Nov-% 1 39 ] 100 08 100 0.6 100
(3  Snapper May-"2 1 6 79 8 25.6 3 36.8 2
(4)"  Snapper  Jul-76 ] 4 4.4 15 8.0 10 8.8 10
(1) Surgeon Aug-64 1 7 171.1 67.6
9159 Surgeon Nov-73 1 4 49 1 8.6 1 0.1 100
g515 Surgeon Aug-8§3 1 36 17.1 1 1.2 6 0.1 31
g521 Surgeon Aug-83 1 37 15.0 1 1.6 7 0.1 100
2419 Surgeon Dec-92 1 11 8.2 6 1.9 20 0.6 100
(1)  Trigger Aug-6 1 1 97.8 260.7
4) Ulua Nov-72 1 1 10.6 8 58 10 4.1 11
(4)  Goatfish Nov-72 S of B-1 1 11.2 17 1124 2 11.2 8
(4)  Goatfish Nov-72 S of B-1 10 1.5 24 12.8 7 23 1t
(4) Muliet-N  Nov-72 S of B-1 13 58 16 81.9 2
2880 Mullet-C  Jan-77 2 21 14.1 2 10.1 1 0.0 100
(0 Butterfly Aug-64 k} 1 114.1
(1)  Grouper Aug-6+ 3 5 122
(1  Jack Aug-64 3 1 326
(1)  Surgeon Aug-6= 3 4 244 269
(1)  Trnggerfish Aug-6= 3 1 97.8
(1) Wrasse Aug-6+ 3 1 375
(4)  Goatfish Nov-~2 § K} 5.0 16 40.0 2 43.5 2
7251 Goatfish Nov-"3 5 22 1.9 4 13.8 2 33 8
a233 Goatfish Feb-§1 5 44 31 5 16.0 2 2.1 4
z413 Goatfish Dec-92 5 6 0.5 100 64 11 10.1 7
2868 Goatfish Nov-6+ S 33 1.3 19 0.7 100 0.5 100
7245 Mullet-C~ Nov-78 5 8 13.8 1 9.0 1 0.0 100
al86 Mullet-C Feb-8i S 7 126 2 6.4 2 0.t 100
(€3] Mullet-N  Nov-72 S 14 37 14 17.2 5
7224 Mullet-N  Nov-72 S 24 22 3 9.0 1 0.0 100
g372 Mullet-N  Jun-82 5 33 25 3 49 2 0.0 100
z418 Mullet-N  Dec-92 S 4 0.9 100 08 64 07 100
4)  Parrotfish  Nov-72 5 1 3s 18
a240 Parrotfish  Feb-&. S 3 8.6 4 1.5 14 02 100
z869 Parrotfish  Nov-»+ 5 6 03 100 1 100 0.9 100
z860 Perch Nov-9+ h) 7 06 90 2 100 0.9 100
(4)  Queenfish Nov-"Z 5 1 29.1 3 238 4 6.7 8
(4)  Surgeon Nov-~Z 5 17 17.1 5 5.0 7
7257 Surgeon Nov-"= 5 20 8.4 | 2.0 5 0.0 100
a224 Surgeon Feb-&: 5 33 11.% 3 38 7 0.2 100
z416 Surgeon Dec-6Z 5 12 4 12 2.0 22 0.6 100
7370 Goatfish Nov-"3 6 39 0.8 6 24 3 0.7 4
a841 Goatfish Sep-&: 6 39 0:s 14 1.2 8 07 7
j420  Goatfish Sep-8+ 6 58 0.- 16 1.3 10 1.6 6
j422  Goatfish  Sep-i: 6 26 0.2 24 1.1 14 1.2 7
281  Goatfish Dec-52 6 9 0.5 100 2 100 1 100
2855 Goatfish Nov-&: 6 8 ! 100 0.7 100 0.5 100
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Fish
common Collecuon Isiand  Numberof Bqkg™' Bqkg ' Bq kg™'
ID? name date locator fish/sample wet '¥’Cs % emmor  wet ¥Co % error’  wet “'Bi % error®
B-
a372 Mullet-C Sep-80 6 14 1.9 3 6.5 1 0.0 100
a848 Mullet-C  Sep-80 6 7 39 4 83 3 0.0 100
a253 Mullet-C Feb-81 6 8 2.2 4 48 2 0.0 100
j734  Mullet-C  Sep-84 6 12 20 2 34 1 0.0 100
282  Mullet-C~ Dec-92 s 2 1.8 20 0.9 45 09 100
ad0l Mullet-N  Feb-81 o 38 1.1 10 33 3 0.1 100
g363 Mullet-N Mar-82 6 3 0.8 8 1.9 6 0.0 100
4 Parrotfish  Oct-72 6 ] 8.6 10 22 26
(1) Snapper Aug-64 6 I 19.6 61.1 26.1
(1) Snapper Aug-64 ] I 6.7 5.6
(4)  Surgeon Nov-72 6 3 36 7 1.3 19
7352 Surgeon Nov-78 6 55 6.2 2 07 7 0.0 100
283  Surgeon Dec-92 ) 7 29 22 2 100 1.0 100
2864 Surgeon Nov-94 6 53 1.8 21 2.8 15 0.6 100
(4)  Mullet-N  Nov-72 B-6 ocean 14 20 19 11.3 3
(4)  Parrotfish  Nov-72 B-6 ocean 3 4.5 15 0.7 72
4) Snapper Dec-74 9 1 09 60 2.2 42
7263 Goatfish  Nov-78 10 42 05 6 1.5 3 0.8 3
2888 Mullet-N  Jan-77 10 43 0.6 10 7.8 2 0.1 30
7269 Surgeon Nov-78 10 46 1.7 4 1.0 4 0.0 100
(4) Goatfish Nov-72 12 10 0.7 33 7.1 3 1.8 14
7200 Goatfish Nov-78 2 42 0.7 6 3.5 2 1.6 2
j415  Goatfish Sep-84 12 13 0.7 18 09 18 1.8 7
(1) Grouper Aug-64 12 5 8.1
(5)  Grouper Apr-75 12 1 39 23 1.4 63
2860 Mullet-C  lan-77 12 11 1.0 6 28 6 0.0 100
(1)  Mullet-N  Aug-64 12 3 269
7194 Mullet-N  Nov-78 12 21 03 11 37 2 0.0 100
(4) Parrotfish  Nov-72 12 3 4.0 6 04 60
(5)  Parrotfish  Apr-75 12 1 J33 19
(4)  Rudderfish Nov-72 12 1 1.2 36
(1)  Surgeon Aug-64 12 3 14.7 17
(1)  Surgeon Aug-64 12 S 6.9 55
(4)  Surgeon Nov-72 12 6 25 13 0.6 57
7188 Surgeon Nov-78 12 64 23 2 0.8 6 0.0 100
2851 Mullet-C  Jan-77 13 22 08 5 24 5 0.0 100
a530 Mullet-N  Feb-81 13 23 04 14 1.7 8 0.0 100
(4)  Goatfish  Oct-77 {5 7 7.2 14 16.3 10 52.1 5
(I)  Ladyfish Aug-64 5 2 . 424 57.9
7281 Goatfish  Nov-78 17 37 1.8 4 98 2 8.4 2
7293 Mullet-C~ Nov-78 T 9 33 2 5.3 2 0.0 100
j730  Mullet-C Sep-84 . 31 0.5 13 1.4 ; 0.0 100
4+ Mullet-N Nov-72 i 14 1.6 18 12.3 2
2872 Mullet-N  Jan-77 i7 58 1.5 4 14.0 1 0.2 13
7299 Mullet-N  Nov-78 i7 18 04 100 46.1 2 04 100
4) Parrotfish  Nov-72 17 6 4.2 5 23 10 ;
7287 Parrotfish  Nov-78 17 5 5.2 2 0.7 9 0.0 100
[€))] Surgeon Nov-72 17 13 8.3 4 5.6 6 !
g621 Surgeon Aug-83 17 70 1.6 5 0.2 25 2
4)  Ulva Nov-72 17 1 79 5 4.1 10 0.7 43 !
4 Ulva Nov-72 i 1 25 10 5.5 6 03 100
2967 Ulua Jun-82 22 ] 14.0 4 1.8 4 4.1 10
g42! Uluva Jun-82 22 2 13.4 2 20 s 1.4 5 *
7311 Goatfish Nov-78 23 47 1.8 6 143 1 222 1
(1Y)  Grouper Aug-64 23 i 301 10.6
4 Mullet-N  Nov-72 ) 8 0.5 80 27.6 3
7305 Mullet-N  Nov-78§ 23 35 0.8 7 15.2 ! 0.2 20
(1) Snapper Aug-64 23 1 74.1 139
(1) Snapper Aug-64 i3 1 89.6 10.6
(1) Snapper Aug-64 2 1 212 5.8
(1y  Snapper Aug-64 23 1 130.4 18.7
7346 Snapper Nov-78 23 1 54 3 7.6 2 12.2 2
(1)  Surgeon Aug-64 23 1 978
(B))] Surgeon Nov-72 2z 3 47 16 79 10
(1) Tngger Aug-64 23 2 2434
t2)  Tuna May-72 iagoon ] 26.3 3 13.6 - 77.1 1
(3>  Tuna May-72 izgoon 1 7.5 s 33 12 0.7 43
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Fish
common Collection Island  Numberoi Bqkg™' Bq kg ' Bgkg™!
jiagd name date locator  fish/sampie  wet '*’Cs % emmor®  wet ®Co % emmor®  wet ©'Bi % emvor®
B-
[E}] Rainbow Oct-72 lagoon 1 1.5 63
(4)  Rainbow Nov-72 lagoon 1 9.9 9 378 2 37 10
(4)  Bonito Nov-72 lagoon | 49 8 9.0 s 0.7 43
(5  Mackerel  Dec-74 lagoon | 6.9 6 17.7 6 .
(5)  Snapper Dec-74 lagoon 1 08 50
(4)  Snapper Jul-76 lagoon | 10.1 8 59 13 16.8 5
(4)  Snapper Jul-76 lagoon | 211 8 9.7 17 349 5
(4)  Snapper Jul-76 lagoon | 41.5 7 13.3 11 259 6
(4)  Snapper Jul-76 lagoon | 50.1 S 18.2 8 319 5
(4)  Snapper Jul-76 lagoon 1 284 8 154 16 15.4 8
() Snapper Oct-77 lagoon 1 404 6 9.5 18 30.1 5
(4)  Barracuda Oct-77 lagoon 4 6.4 11 3.1 16 53 8
(4) Barracuda Oct-77 lagoon | 18.5 9 5.6 16 269 5
(4)  Bonito Oct-77 lagoon 1 5.7 19 29 30 1.6 33
(4)  Mackerel  Oct-77 lagoon | 2.1 46 4.1 28
()  Ulua Oct-77 lagoon 1 6.5 16
7322 Jack Nov-78 lagoon 1 9.5 2 12.0 2 45 2
7334 Mackerel Nov-78 lagoon | 29 3 20 5 0.1 25
7328 Snapper Nov-78 lagoon 2 0.4 17 0.2 65 6.2 2
7340 Snapper Nov-78 lagoon | 1.8 4 31 4 04 10
a247 Mackerel  Feb-81 lagoon 1 37 5 24 7 0.3 32
3293  Bonito Sep-84 lagoon | 6.5 3 7.4 3 6.6 3
j291 Rainbow Sep-84 lagoon 1 23 8 1.6 11 0.2 100
}292  Snapper Sep-84 lagoon | 6.4 3 1.6 8 1.2 8
j294 Ulua Sep-84 lagoon 1 7.1 2 36 2 4.1 2

* Sample ID used at Lawrence Livermore National Lab.
® No error was given for the 1964 data set. Elsewhere the | o counting error is expressed as the percent of the vaiue listed.
€ (1) data from Welander et al. 1967.
9(2) data from Held 1971.

°(3) data from Lynch, et al. 1975.
f(4) data from Schell et al. 1978.

% (5) data from Nelson 1977.

Note: 1,890 total fish processed for 155 samples between 1964 and 1994. All results reported on date of collection.
138 measurements for 137Cs: 95% reported above detection.
150 measurements for Co: 94% reported above detecnon.
111 measurements for 207Bi; 58% reported above detection.
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United States Department of State

Washington, D.C. 20520

MEMORANDUM
TO: R. Thomas Bell, DOE,
Office of Heaith Programs, Pacific Health Programs
FROM: Suzanne Butcher. Dircetor \/(,—
Office of Australia. New afid and Pacific Island Affairs
DATE: 12 March 1998
RE: Letter to Senator Ismael John on environmental monitoring of Enewetak
Tom.

Thanks for sending us Dr. Scligman’s letter to Senator John. State concurs. Please let us
know what, if aay, response DOE receives from Enewetak.

Regards,

Suzannc
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Department of Energy

Germantown, MD 20874-1290 /[) o%
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/
Senator Istmael John % l 3%7 Z) )
Enewetak/Ujelang Atoli Local :

Government Council
Box 1199
Republic of the Marshall Islands ‘
Majuro, Marshall [slands $6960D

Dear Senator john:

. This letter is provided in followup to our joint Department of Energy (DOE)/Enewetak/Ujelang
Atoll Local Government Council meeting in Las Vegas, Nevada. on February 2, 1998. Weare
pleased 0 have had the opportunity to discuss with you, Mayor Neptali Peter, and the
Enewetak Ujelang Atoll Local Government Council Members, the results to date of DOE
environmental monitoning at Enewetak Atoll.

The maiz public heaith goal of DOE s environmental monitoring program is to assist the

Enewetak people in making informed resettlement decisions based on the best environmental
characienzanion and dose assessment data available. To accomplish this goal. we have

conductsd sxtensive monitoring of numerous Enewetak Atoll islands, evaluated all possible
exposurs pathways, developed associated dose assessments, and funded research to develop =
mitigatica straregies to minimize radiarion exposure to people living on the islands and cating
locally grown produce.

The Lawrence L:vermore National Laboratery (LLNL), on behalf of DOE. has conducted
envircneatal monitaring activities in the Marshall Islands for more than 20 years. The
cnclosurss o thig etter describe the results of thzse activitics at Enewetak Atoll and demenstrate
the high guaiity of LLNL's technical expertise and sbilities. LLNL has used the best
envirorcnental ladoratories worldwide to provide quality assurance and peer review for the
progra—. DOE is confident that the LLNL data and assessments are of the highest qualiry.

The rwo eaclosecd peer-reviewed articles from Gie July 1997 issue of Health Physics (enciosures

i and 2} orovide 2 thorough analysis of radiatian exposures from terrestrial, water, and marine
sources ca the Enswetak Atoll.

@ Prnieg wite acy e ON reCYCied Dabar



